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Stress vs. life (S-N) fatigue data were generated at a stress ratio of R - -1
for each of the damaged laminates. Twenty replicate specimens for each lamin-
ate were fatigue tested to failure at a single stress level (R - -1) with the
damage growth for each specimen monitored a minimum of ten times during its
life to determine the fatigue life and damage growth distributions and pertin-
ent statistical parameters. Based on these results, five cycle levels were
selected for the residual strength study. Twenty-three specimens of each lamin
ate were inspected, cycled to one ci the five preselected N values and Holscan-
ned again. Three of the replicates were destructively analyzed while the other
surviving specimens were tested in static tension or compression. This
sequence was repeated for each of the five N values.

Results indicated significant reduction in initial static tension and com-
pression strengths due to the damaged hole condition and a further decrease in
strength at the higher loading rate with a larger drop in compression than in
tension. Fatigue cycling of the 24-ply specimens at + 35 ksi (241 MPa)
(R --1) produced data which were dispersed over more than two orders of magni-
tude while data scatter was slightly more than one order of magnitude for the
32-ply coupons tested at a stress level of + 22 ksi (152 MPa). As expected
from the life data, damage growth for the 32-ply specimens was more well-
behaved than for the 24-ply. However, large scatter in damage size was evident
for both laminates and so no useful relationship between damage size and life
could be established. Residual static properties of either laminate were not
adversely affected by R - -1 fatigue cycling up to the 80% probability of
survival life. Slight but insignificant increases (6-11%) in tensile residual
strength and similar decreases in compression were noted for the 32-ply lamin-
ate. Both tension and compression residual strength tended to increase slightl
as the number of cycles completed increased for the 24-ply laminate. Residual
'itrength could not be related to damage size, not only due to the data disper-

". sion but also because no definitive change in residual strength was observed.

A limited~test program was conducted to assess the effect of different fatigue
an, environmental test conditions on residual strength and damage growth. The
variables evaluated were: A) Specimen restraint (4-bar support); B) stress
ratio, R - -0.3; and C) elevated temperature, 180°F (820C). The Case A load-
ing produced lives which were within the scatter band of tests conducted with
the platen supports and very similar damage growth and residual strength be-
havior. Under the R "-0.3 loading both laminates completed 2 million cycles
without failure. Most notable was the change in damage development, especia-
lly for the 24-ply laminate for which essentially no growth in the width
direction was evident with extensive growth in the length direction.- This
longitudinal damage growth reduced the notch acuity resulting in significant
increases in tensile residual strength with increasing number of cycles com-
pleted. Damage growth for the 32-ply laminate at R - -0.3 was also greater
in the length direction, but growth in both directions did occur. For Case C,
there appeared to be an order of magnitude decrease in life due to the elevated
temperature exposure during cycling with more rapid initial growth for the
24-ply laminate. The life of the 32-ply laminate appeared to be shortened also
but not as severely.
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SECTION I

INTRODUCTION

Accelerated use of advanced composite materials in aircraft structural

applications has turned attention towards the development of analytical

methodologies to assule the same level of structural reliability found in

comparable metal structures. Composite materials have thus far resisted

the desired application of simple modifications or extensions of analysis

methods used for metals. Significant differences in scale and structure

between composites and metals have prevented such an approach. The

anisotropic laminated characteristics of composites confuse attempts at

defining defects or damage in composites. Delaminations, matrix cracking,

fiber breakage and matrix voids readily occur in composite laminates. But,

to what extent these are detrimental, necessary, or perhaps beneficial is

dependent upon the loading conditions and laminate type. Not necessarily

the same type of anomaly will be of major concern under various loading

conditions, unlike in metals where many defect types can be conservatively

considered as cracks.

Despite these differences between composite and metallic materials, it

still may be possible for specific cases to express damage in terms of a

parameter which is relatable to the strength degradation. Such an approach

has been viewed as desirable because it quantifies the design process, thus

removing the element of judgement from the role of tne individual designer.

This is in part due to an illusion of the part played by fracture mechanics

in present day aircraft design. Fracture mechanics primarily, and usually

rightly, serves as an after the fact analysis providing that "warm feeling"
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that the structure was properly designed, but then, that is the aim of

standards and regulations. Their role is passive, not active, and intended

to provide checks, safeguards and hopefully guarantees for structural

reliability. The structural design life problem is, simply stated twofold;

how to design for durability and damage tolerance and how to regulate it.

The single dominant flaw approach is extremely attractive for the purposes

of quantification and regulation, since then initial flaw sizes can be

defined, growth limits established and residual strength determined. This

attractiveness is the basis for the ongoing attempt of the technical

community to critically examine the feasibility of such approaches to

establish whether continued effort in this direction could prove fruitful

for composites. This formed the basis for this program.

The goal for this study was to establish relationships between observable

damage growth parameters, residual strength and life capacity of the

structure through the development of a methodology which could predict: a)

damage growth as a function of fatigue loading; b) residual strength as a

function of damage size; c) mechanisms of fatigue induced damage formation

and d) threshold levels of damage. The aim was to be accomplished by

generating statistically significant data sets so that the behavior could

be well established. The range of validity of the methodology was to be

defined by comparing predicted results with those from a set of tests

wherein various test parameters were to be altered. The logic for the

design of the test program follows directly from these objectives.

However, increasingly throughout the study, there was an awareness that

these goals may not be in concert with the manifested material behavior.

Thus, a set of "working objectives" was formulated which was intended to

increase the probability that the data would have a positive influence on

subsequent ideas, approaches, and directions. These objectives resulted

from the reshaping and expansion of the original goals and can best be

expressed in the following questions:
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o Is there a change in the material associated with the application

of repetitive load cycles?

o Can this change be tolerated or altered?

o Can this change be termed "damage"?

o Can it be related to the mechanical response of the material?

" Now strong is the relationship?

" Is it dependent upon laminate type, loading and environmental

conditions?

The first three questions are concerned with a major difficulty associated

with the use of composite materials; that of the definition of damage.

This program and others have shown that there is a change in the state of

the material resulting from the application of cyclic loads. One of the

manifesting changes was delamination which did not behave in a manner

similar to cracks in a metal, but rather more as an inelastic energy

dissipation zone which tended to relieve notch acuity producing an increase

in residual strength. Thus, in a sense, delamination can be related to a

mechanical response of the material. Moreover, the general shape of the

delamination growth curve could be anticipated and within broad limits

might be related to life. Although delaminations did extend, residual

strength in tension or compression for the laminates investigated did not

degrade, this despite the fact that in some cases numerous fatigue failures

occurred.



The last three questions are concerned with establishing relationships

based upon observed material interactions. They were formulated to address

the problem in a manner which was open to the different possibilities which

did indeed occur. The fact that strong correlations between delamination

development and mechanical response were not apparent provided an insight

into the mechanics of the failure process. This coupled with the obser-

vation that strength degradation was sudden and catastrophic indicated that

the problem might be considered from the standpoint of the stability of the

energy state of the system which is dependent upon the sequence and

location of the various probabilistic events (matrix cracking, fiber

breakage, delamination, etc.) occurring within the material system. This

postulation as well as the data and observations are analyzed in greater

detail in Section 9.

1.1 PROGRAM OVERVIEW

This program was composed of three major phases: Task I - Preliminary

Screening was designed to screen the static and fatigue induced damage

growth characteristics of two damage types for two distinct laminates

employing two NDI methods. Based on these results a single damage

condition and NDI method were selected for further study in Tasks II and

III; Task II - Damage Growth and Residual Strength Degradation Prediction

was devised to generate statistically significant data sets for the static

and fatigue life behavior and the fatigue induced damage growth and

residual strength behavior from which a relationship between the mechanical

response of the material and damage may be determined; Task III - Effect of

Fatigue Loading/Environment Pertuabations included the study of three

variations in the loading/environmental parameters to evaluate the extent
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to which the proposed relationship is dependent upon laminate type, loading

and environmental conditions.

All three tasks have been completed. Task I has been recorded in

AFWAL-TR-79-3095, Volume I. This report contains the efforts of Tasks II

and III.

1.2 SUMMARY OF TASK I - PRELIMINARY SCREENING

Two laminates of T300/5208 graphite/epoxy material were selected for this

study: 1) a 24-ply, 67% - 00 fiber , (0/45/0 2/-45/0 2/45/0 2//-45/0)s and 2) a

32-ply quasi-isotropic (0/45/90/-45 2/90/45/0)2s' These complied with the

requirements that one laminate be delamination prone (32-ply) while the

other would not (24-ply) under fully reversed tension-compression fatigue

loading. In addition, these particular stacking sequences were chosen

since results from this program could then contribute to a comprehensive

static and fatigue data base being developed for these laminates of the

same materials under Contracts F33615-77-C-5140 and F33615-78-C-5090 and

previously developed for a different material (T300/934) under AFML

Contracts F33615-75-C-5118 and F33615-77-C-5045.

A three-inch wide by fourteen-inch long specimen with a nine-inch gage

section was used for both fatigue ank -atic tests. Two damage types were

included in the study: 1) a poorly drilled hole with multiple delaminations

surrounding the hole; and 2) low velocity impact damage produced by

dropping an impactor on the panel.

Static tension and compression properties were determined for both

laminates with ten replicates per condition. Compression tests were

conducted using both the fatigue supports which were full platen restraints

with a 2.15 in. (55 mm) square window and 4-bar buckling guides to evaluate

the inherent local buckling characteristics of the damaged laminate.
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Fatigue tests conducted to obtain the R -1 S-N characteristics for each

of the four laminate/damage conditions also provided the basic fatigue

induced damage growth characteristics. Damage growth was monitored using a

Holosonics Series 400 Holscan Ultrasonic unit. A subset of both static

compression and fatigue tests was conducted to provide a statistically

based answer as to the effect of TBE on subsequent material behavior. The

following sections present a brief summary of the results of these tests.

1.2.1 Summary of Task I Static Test Results

For the 24 ply 67% 0 fiber laminate specimens, the impact damage had no

significant effect on the static tension strength as shown in Figure 1 even

though failure always occurred through the damage region. However, the

damaged hole condition had a major influence on both the tension strength

(Figure 1) and the static compression strength as shown in Figure 2.

Impact damaged specimens exhibited a static compression strength reduction

comparable to that of the damaged hole specimens (Figure 2).

For the 32 ply quasi-isotropic laminate specimens, the inflicted impact

damage was near the threshold size necessary to produce failure through the

damage region. Failure typically occurred through regions away from the

damage for the lower range of existing damage sizes as evident in Figure 3.

For the upper range of impact damage sizes, the tension strength appeared

to be very sensitive to the damage size. Under compression loading, the

impact damage effected an approximately 30% reduction in static compression

strength compared to undamaged tension as displayed in Figure 4. However,

the damaged hole produced a more severe drop in the static compression

strength (approximately 54%) than the impact damage. Damaged hole static

tension data were extremely consistent (low scatter) and well below

(approximately 50%) strengths obtained for the undamaged laminate (Figure

5).
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1.2.2 Summary of Task I Fatigue Results

Stress-life data for the T300/5208 24-ply 67% 00 fiber damaged hole and

impact damaged specimens at R = -1 are presented in Figures 6 and 7. A

distinct similarity in the shape of the curves for the two damage types is

indicated which may be due to the nearly identical compression strength

reduction produced by the two damage types. However, additional data would

be required to do more than suggest possible trends.

Fatigue test results for the 32-ply quasi-isotropic specimens containing

damaged holes and impact damage at R = -1 are presented in Figures 8 and 9

respectively. Specimens containing a single damaged hole again exhibit a

typical S-N fatigue curve with what appears to be small data dispersion

(i.e., less than an order of magnitude for any of three sets of triplicate

specimens). However, impact damaged 32-ply quasi-isotropic specimens did

not display consistent damage growth or S-N behavior. As shown in Figure

9, a large number of the failures in the 32-ply impacted specimens occurred

away from the damage region, indicating that this damage was too near the

threshold size to act as the dominant cause of failure under fatigue

loading. Due to these findings, testing of the 32-ply impact damaged

specimens was discontinued.

1.2.3 Summary of the Damage Growth Results

Impact damage in the 24-ply, 67%-0 fiber laminate specimens initially

extended very slowly (if at all) for the first 60% to 70% of the specimen

life. Growth then proceeded at an increasing rate during the later st&ges

of the specimen life as indicated in Figure 10, which is typical of the

behavior.

The 24-ply, 67%-00 fiber laminate specimens containing a damaged hole

exhibited somewhat different behavior. Damage extended at a substantial
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V

rate during the initial 20% to 30% of specimen life, then slowed to a

significantly lower value until near the end of the specimen life where the

rate of growth again accelerated until failure occurred. Typical damage

growth characteristics are illustrated in Figure 11.

Typical damage growth characteristics of the 32-ply quasi-isotropic

laminate specimens containing a damaged hole are presented in Figures 12

through 14. At higher stress levels, the damage growth characteristics (as

measured in terms of total damage area) were similar to those observed for

the 24-ply damaged hole specimens. After initially rapid damage extension,

growth proceeded at a slower rate until near failure when the rate again

accelerated. At lower stresses (Figures 13 and 14), the growth rates were

more constant over the entire life of the specimen.

While only one apparently valid failure for the 32-ply impact damaged

laminate was obtained, the results, shown in Figures 15 indicate a growth

pattern similar to that observed for the 24-ply impact damaged specimens.

An important observation which is a factor in the consideration of the

significance of the damage growth data is the constraining effect of the

anti-buckling guides. Results appeared to indicate that for certain load

ranges and laminate/damage conditions damage may extend at a stable rate to

the boundary of the anti-buckling guide opening, but at this point may be

stopped or slowed due to the clamping forces exerted by the guides which

limits the validity of data beyond the window size.

1.2.4 Summary of TBE Enhanced X-Ray Results

A comparison of the TBE enhanced x-ray and Holscan ultrasonic damage data

revealed similar damage sizes for the subset of fatigue test coupons. No

significant change in static compression strength following TBE examination

was discovered. Periodic TBE inspection also appeared to have no
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measurable effect on the subsequent fatigue behavior of the 32-ply

laminate, but results were less definitive for the 24-ply laminate where

there is a slight indication of a possible shortening of the fatigue life

at lower stresses. However, the limited sample size is small enough that

the apparent reduction probably results from the inherent scatter under

fatigue loading. A comparison of baseline and TBE er:vosed specimen fatigue

results is presented in Figure 16.
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SECTION 2

OVERVIEW OF TASKS II AND III

This section presents a discussion of the rationale for selection of

material, specimen design and damage type, describes the specimen

randomization procedure and outlines the test matrices for Tasks II and

III.

2.1 MATERIAL SELECTION AND SPECIMEN DESIGN

The Task II and III investigations continued with the use of the same

material, laminate and specimen design studied in Task I. A detailed

discussion concerning their selection is available in the Task I Final

Report (1)

Primarily due to the extensive data base and generally large usage of the

material, the selected fiber/resin system was Narmco's Rigidite T300/5208.

Two laminate types were used throughout the study, a 24-ply, 67%-0 ° fiber

laminate and 32-ply quasi-isotropic laminate having the following stacking

sequences, respectively:

o (0/45/02/-45/02/45/02/-45/0)

o (0/45/90/-45 2/90/45/0)2s

Selection of these laminate stacking sequences was governed by many

considerations including symmetry, tab bond strength requirements,

free-edge stresses, adequate thickness for R =-1 loading, the requirement

that one laminate be delamination prone (32-ply) while the other not

(24-ply) and the extensive data base available for these laminates at the

Lockheed-California Company.
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Details of the specimen design for this program are presented in Figure

17. Features of this configuration leading to its selection are outlined

below.

o The geometry can be used for static tension and compression tests

as well as for either tension-tension or tension-compression

fatigue tests.

o Adequate specimen length is important in composite specimens in

order to obtain uniform stress conditions within the test

section. Additionally, the selected length aids in minimizing end

effects which could affect the damage propagation behavior

without making the length too long to be able to control buckling

in compression.

0 The specimen size is sufficient to provide a good probability of

including point-to-point variations in material and layup pro-

perties, as well as large enough to be more representative of

aircraft structures.

o Variations in test results due to the discontinuity at the

specimen edge will vary with laminate, material, and fabrication

practice, but in general, will diminish as width is increased.

The 3-inch (76 mm) width was chosen to minimize the free edge

effects which are usually on the order of a laminate thickness
(2, 3 so that these do not influence the damage propagation

behavior.
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o The specimen is wide enough such that a region exists where the

stress distribution is not greatly influenced by the initial

damage zone size at several flaw diameters away from the damage
(4, 5)

0 Dimensions are convenient for fabrication and machining;

tolerances required to obtain the necessary precision in test

results are achievable without extraordinary measures.

The same specimen size and configuration were used for all tests including

the static tension and compression tests in order to avoid any effects due

to width or length differences.

2.2 SELECTION OF DAMAGE TYPE AND NDI METHOD

The preliminary considerations which led to the reduction of the many

possibilities to two damage types and two NDI methods for investigation in
(1)

Task I are detailed in the final report for that Task . Based upon the

Task I investigation a single damage type and NDI method were selected for

further study in Tasks II and III. As outlined in Section 1.1 the effects

of the two damage types upon subsequent static and fatigue behavior can be

condensed in the following statements:

- Impact damage condition produced

o No consistent reduction in static tension strength for either

of the two laminates.

o Consistent reduction in static compression strength for both

laminates.

o Consistent S-N fatigue behavior for the 24-ply laminate only.

o Consistent damage growth characteristics for the 24-ply

laminate only.
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- Damaged hole condition produced

o Consistent reduction in static tension and compression

strength for both laminates.

o Consistent fatigue and damage growth behavior for both

laminates.

The impact Jamage size was apparently too near the threshold to

consistently act as the primary cause of fracture in the 32-ply laminate

with failures usually occurring away from the damage area which eliminated

this condition as a viable candidate for further study. Therefore, the

damage hole condition was selected for the efforts of Tasks II and III.

The drilling procedure for introducing the damage is detailed in Section

3.2, The Holosonics System 400 ultrasonic inspection method described in

Section 4.3 was selected for damage tracking in Tasks II and III since this

system offered comparable results to the TBE-enhanced x-ray in Task I, was

a more efficient system for this laboratory, had little potential for

affecting the results as TBE enhanced x-ray might and offered B-scan as

well as C-scan information so that location of delaminations through the

thickness could be obtained.

2.3 PROCEDURE FOR RANDOM SPECIMEN SELECTION

Nine panels were available for each of the two laminate types in Task II

and three for each laminate in Task III. Each panel contained 30 specimens

as shown in Figure 18. Ramdom selection was accomplished using software

programs developed at the Lockheed-California Company and based upon

unbiased, Monte Carlo random number generators. A listing of all of the

tests to be performed in both tasks was prepared which included the number

of specimens required for each test. For each task a random number table

was generated for panel selection which consisted of repetitive groups of

random numbers between one and the total number of panels per laminate

type. These number3 were then listed alongside the test conditions thus

assigning a panel number to each specimen required. Next, for each task a
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specimen number selection table was generated consisting of groups of

random numbers between one and thirty. Each group was assigned a panel

identification letter. The specimen numbers were then selected sequenti-

ally from the list corresponding to the designated panel. Thus, as illus-

trated in Table I, for the first test condition the first specimen would be

from panel 9 which is I. The first specimen number from the list of 30

random numbers corresponding to panel I is 18. Since specimen 18 is from

subpanel B, the specimen code is IB-18. The next time a specimen was

selected from Panel I the second number from the list of 30 corresponding

to "I" was used. In this manner all test panels were equally represented

in a test type to eliminate any local variations that would bias the sample

in terms of a single panel. An analysis of possible panel bias was

performed and is available in Appendix J.

2.4 TASK II EXPERIMENTAL PROGRAM

The Task II test matrix is presented in Table II. Item 1 consisted of

basic panel Q.C. tension tests to assure panel quality. Items 2 and 4 were

designed to provide the static tension and compression strength distribu-

tions of the damaged specimens. For both items 2 and 4, fifteen replicates

per test type/laminate were loaded to various percentages of ultimate and

examined using ultrasonic Holscanning to define the damage zone growth

characteristics. Item 3 tests were designed to provide additional

information on the effect of higher strain rates on the fracture stress of

the damaged laminates, since such rates are encountered in fatigue testing.

Twenty replicate specimens for each laminate were fatigue tested to failure

to determine the fatigue life distribution statistical parameters (Item 5).

A Holscan ultrasonic unit was used to monitor the damage growth of each

specimen a minimum of ten times during its life. From these re.5-1, a

statistically based fatigue life distribution and damage growth rate

distribution were obtained. Also, five cycle levels were selected for the
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TABLE I
ILLUSTRATION OF RANDOMIZATION OF PANELS BY TEST

TASK II
LAMINATE: 24-PLY
PANEL DESIGNATION: CODE A (1) F (6)

B(2) G (7)
C (3) H (8)
D (4) 1 (9)
E (5)

No. of
Test Type Specimens Panel Corresponding Spec. Number

Undamaged 4 9 1-18 1st spec. from panel I

Low Strain Rate 5 E-28 Ist spec. from panel E
Tension 2 B-11 1st spec. from panel B

8 H-14 1st spec. from panel H

Undamaged 4 1 A-22 1st spec. from panel A
High Strain Rate 7 G-13 Ist spec. from panel G
Tension 6 F-22 1st spec. from panel F

4 D-9 1st spec. from panel D

Undamaged

Low Strain Rate 4 3 C-13 1st spec. from panel C
Compression 3 C-29 2nd spec. from panel C

6 F-28 2nd spec. from panel F

5 E-2 2nd spec. from panel E

Undamaged

High Strain Rate 4 2 B-3 2nd spec. from panel B
Compression etc. etc. etc.

Damaged
Low Strain Rate 15 4 D-23 2nd spec. from panel D
Tension etc. etc. etc.

Damaged
Low Strain Rate 15 1 A-4 4th spec. from panel A
Compression etc. etc. etc.

Fatigue Life Distribution 20 8 H-8 5th spec. from panel H
etc. etc. etc. etc.

3*4
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residual strength study, based on the observed damage growth

characteristics.

Items 6, 7, and 8 constituted the residual strength portion of this task.

Twenty-three specimens of each laminate were initially inspected using the

Holscan ultrasonic unit and then fatigue cycled to one of the five pre-

selected cyclic N values, removed and again inspected using the Holscan.

Three of the replicates were destructively analyzed to determine the damage

zone characteristics by both metallographic sectioning and matrix dissolu-

tion (deplying) followed by examination by optical microscopy. Ten of the

replicates were statically tested to failure in tension and ten in compres-

sion. This sequence was repeated for each of the five selected cyclic N

values. Item 9 tests were designed to provide baseline material property

data for undamaged laminates.

2.5 TASK III EXPERIMENTAL PROGRAM

The Task III test matrix is presented in Table III. Baseline static pro-

perties were determined in Items 1 through 3. Since Task III Specimens

were fabricated at the same time as those of Task II the tests of 1, 2A,

and 3A were intended to identify any change in static strength which may

have occurred in the specimens during shelf storage. Tests of 2B, 3B, and

3C were to provide baseline data for new environmental and constraint

conditions to which specimens were to be subjected during fatigue loading.

Three replicate specimens for each laminate were fatigue tested to failure

to obtain a typical fatigue life for each of the three variations in fati-

gue test parameters as indicated in item 4 of Table III. A Holsoan ultra-

sonic unit was used to monitor the damage growth of each specimen for a

minimum of ten times during the life. From these results, typical fatigue

life and damage growth rate characteristics were obtained for each of the

new fatigue test conditions.
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Three cycle levels were selected for the residual strength study based upon

the observed damage growth characteristics. Specimens were initially

inspected with the Holscan then fatigue cycled to one of the three

preselected cyclic N values, removed and scanned again. Half of each set

of specimens were statically tested to failure in tension (Item 5) and half

in compression (Item 6). This sequence was repeated for each of the

selected cyclic N values.
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SECTION 3

MATERIAL AND SPECIMEN CHARACTERIZATION -- TASKS II AND III

All material procurement, panel fabrication and specimen fabrication were

controlled to conform to the program Quality Control Plan requirements as

presented in Volume III, Appendix A. Characteristics of the graphite/epoxy

material used in this program are presented in this section.

3.1 PREPREG QUALITY CONTROL RESULTS

The graphite/epoxy material for the Task II and Task III studies was

procured from Narmco Materials, Inc., as a single batch consisting of 18

rolls of 12 inch (305mm) T300/5208 tape designated as batch #1295. Narmco

batch #1295 further identified by the Lockheed code WI had a resin content

of 40% to 44% comparable to the 40% - 43% range for batch #1079 (TY) used

in Task I. However, the average fiber strength of WI was 7.5% higher than

that of TY as shown in Table IV. A slight (approximately 3%) increase in

modulus is also apparent.

Batch acceptance testing was conducted according to the above mentioned

Quality Control Plan by the Lockheed-California Company Quality Control

Division and found to conform to all requirements. Results of these tests

and those of the Narmco Materials, Inc. certification tests are presented

in Tables V and VI.
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TABLE V. S'JN4MARY OF THE NARMCO 'ALITY CONT? )L TESTS FD? RTI T1D E
520-T00 CERTIFIED TEST REFORT ,V.

MATERIAL: Rigidite 5208-T300-12"
b atch ; 29 .T :

Resin
Roll Amount Content Areal Fiber 'eicht Mfa. Daite T'>:t Datce

1 25.0 lbs. 42% 142 griws/sq.meter 11-14-78 11-16-78
2 25.1 42 142
3 25.0 41 142
4 24.9 42 141
5 25.4 43 141
6 26.6 44 141
7 25.4 42 141
8 25.7 42 142
9 25.5 43 142

10 25.4 43 142
11 26.3 42 141
12 25.3 41 142
13 26.0 42 141
14 26.6 42 142
15 25.9 40 142
16 25.8 42 142
17 26.7 43 142
18 28.2 44 142

Volatiles: 0.4%
Flow: 24%
Gel Time: 24'43" min. @ 350*F.
Tack: Acceptable

Specific Gravity: 1.57/1.57/1.57: 1.57 g/cc average C 8 plies)
1.56/1.57/1.57: 1.57 g/cc average (16 elies,

Fiber Volume: 65/64/65: 65% average ( 8 plies)
64/65/64: 64% average (16 plies)

Cured Ply Thickness: 0.0052" ( 8 plies, Tensile panel)
0.0049" (16 plies, Flex and Shear pfanel)

RT, 09 Flex: 261,J00/282,S20/290,42C: 278, 10 psl average
RT, 00 Flex Modulus: 19.86/19.57/20.21: 19.88 x 30 psi .veraca
RT, 0* Tensile: 225,960/219,170/206,540: 217,220 psi ave'.'ace
RT, 00 Tensile Modulus: 19.84/20.12/20.08: 20.01 x 100 psi averacg
160 0 F., O Plex: 226,990/264,010/265,670: 252,220 psi aver .
1809F., 00 Flex Modulus: 8.77/19.10/19.44: 19.10 x 01' pc) av.r xte
Rr Short Beam Shear: 19,440/1S,010/id,7G0: 18,740 psi aver'C1
180 0 F. Short £,eam Shear: 1G,8.0/17,S20/16,850: 17,060 psi aver:; :

RAW FIBER DATA

Lot I Tensile Modulus Tensile Streneth Yarn Density

620-2 34.1 psi x 106 454 psi x 103 1.76 g/cc
575-2 34.6 471 1.75
574-2 34.6 485 1.76
571-2 34.0 489 1.74
607-2 34.0 469 1.75
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3.2 PANEL AND SPECIMEN FABRICATION

Subsequent to material acceptance panels were fabricated for both Tasks II

and III according to the Quality Control Plan. Twenty-four 36 in. x 46 in.

(914mm x 1168mm) panels were fabricated, nine of each laminate type (24-ply

67%, 0 , 32-ply quasi-isotropic) for Task II and three of each laminate for

Task III. Panel numbers with the material code letter assigned to each

panel ;re presented in Table VII. All panels received a standard produc-

tion ultrasonic C-scan inspection using 1/4 and 1/2 inch diameter teflon

disc standards, the results of which are also sumarized in Table VII.

Each panel was then sectioned into three subpanels A, B, and C, 36 in. wide

by 14 in. long (914mm x 356mm) from each of which ten specimens of the

configuration previously shown in Figure 17 were then machined.

A 1 inch by 10.5 inch (25mm x 267mm) Q. C. tensile specimen was also

removed from subpanels A & B. Panel layout das displayed in Figure 18.

For both laminate types, a center hole was drilled in the 3 inch (76mm)

wide specimen blanks using a standard 3/8 inch (9.6mm) high speed drill

with a drill speed of 600 rpm and feed rate of 0.004 in./rev (0.102mm/rev).

To control damage size an Aluminum back-up plate with a central 0.625 in.

(15.9mm) diameter hole opposite the drill bit was employed.

Tabs were bonded to the specimen blanks and specimens were inspected to

drawing TL-1038 (Figure 17). Specimens not meeting drawing requirements

were not used for this investigation. Adequate numbers of specimens were

fabricated to allow for the exclusion of out-of-tolerance coupons.

Specimens were weighed after fabrication and prior to each test to monitor

possible moisture sorption during storage. These data are available in

Volume III, Appendix B. All specimens were examined using the Holsean 40f
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TABLE VII
PANEL IDENTIFICATION CODES

Assigned C-Scan
Panel Inspection

Laminate Type Panel No. Code Results

TASK II

2WI 1436 A No Indications
2W1 1408 B
iWI 1438 C

24-Ply iWI 1406 D
67% - 00 IWI 1408 E

2W1 1438 F
IWI 1440 G
XW1 1440 H
IWI 1441 I No Indications

1WI 1411 J No Indications
2W1 1411 K
iWI 1429 L

32-Ply 2v11 1429 M
Quasi-Isotropic iWI 1431 N

2W1 1431 p
iWI 1435 Q
2W1 1435 R
1WI 1436 S No Indications

TASK III

24-Ply 2W 1 1441 A No Indications

67% - 00 2WI 1477 C No IndIcations

32-Ply 1WI 1466 D No Indications

Quasi-Isotropic IW 48FNo Ind~cations
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system and the location, size and characteristics of the damage zone were

photographically recorded. Specimens were identified using the following

numbering system: AB-1O - Panel I.D. = A, subpanel I.D. = B, specimen

location within the panel 10.

Samples for resin content analysis were removed from either subpanel A or B

and were adjacent to the QC tensile specimens. Triplicate specimens were

then cut from each sample and the density, specific gravity, fiber content
(6)

and resin contents determined

The procedures used to determine the reported values were as follows:

The fiber volume testing was conducted in accordance with ANSI/ASTM

D3171-73, Procedure A: "Fiber Content of Reinforced Resin

Composites," except as noted below.

a. Determinations for each strip were carried out in triplicate

b. Specimen size was approximately 1 gram rather than 0.3 grams

c. The column of Nitric Acid used for digestion was increased from

30 milliliters to 100 milliliters because of the larger specimen

mass used.

The specific gravity testing was conducted in accordance with ANSI/ASTM

D792-66, Procedure A-1: "Specific Gravity and Density of Plastics by
Displacement."

Void content was calculated per ANSI/ASTh D2734, method B: "Void Content of

Reinforced Plastics". The following values were used for the fiber and

resin densities: Df = 1.75 gm/ml

D = 1.265 gm/ml
r

Resin, fiber and void analysis results are reported in Table VIII. All
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TABLE VIII

RESIN, FIBER, AND VOID ANALYSIS RESULTS

Panel Resin Fiber Voida

Production Content Content Content Density
No. wt. % Vol % Vol % gm/cc

24-Ply IWI 1406 27.5 65.5 0.12 1.581
Task II 1WI 1408 26.8 66.2 0.20 1.584

2WI 1408 27.7 65.1 0.41 1.576
2WI 1436 27.1 65.7 0.45 1.578
IWI 1438 28.6 64.3 0.10 1.576
2WI 1438 27.7 65.1 0.28 1.577
IWI 1440 27.9 65.1 0.02 1.581
2WI 1440 27.8 65.2 0.07 1.580
iWI 1441 28.1 64.8 0.15 1.577

24-Ply 2WI 1441 27.9 65.1 -0.19b 1.580
Task III IWI 1443 28.5 64.4 -0.14 b 1.576

2WI 1477 27.6 65.3 -0.04 1.579

32-Ply IWI 1411 27.9 64.9 0.31 1.576

Thsk II 2WI 1411 28.4 64.3 0.33 1.573

IWI 1429 27.9 64.8 0.39 1.575
2WI 1429 27.7 65.2 0.31 1.577

IWI 1431 28.3 64.5 0.28 1.574
2WI 1431 27.9 65.1 0.16 1.579
IWI 1435 28.3 64.6 0.18 1.576
2WI 1435 27.8 65.2 0.22 1.578
IWI 1436 27.9 65.0 0.19 1.578

32-Ply IWI 1466 28.9 63.9 -0.05 b  1.573
Task III 2WI 1466 28.5 64.3 -0. 0 9b 1.575

1WI 1478 27.7 65.2 0.03 1.578

Average 27.9 65.0 1.577
Standard Dev. 0.47 0.51 0.0027

Coeff. of Var. % 1.68 0.78 0.17

Void content determined by standard chemical analysis procedures,

accruracy is + 1.6%

b Artifact of chemical analysis procedure
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results show little variation and are well within the range specified in

the Quality Control Plan of 65 + 2Z for the fiber volume fraction, 1.58 +

0.02 for specific gravity and void content << 1%.

Calculated values of less than 1% for void content are an indication of the

laminate density quality but do not yield a true void content because of

the uncertainty in fiber and matrix densities and amount of absorbed

moisture present in the test sample. The inherent error in this method of

void determination can result in physically impossible negative void

values. However, low void contents obtained in conjunction with the lack

of C-scan indications imply that the void content of all the panels is

extremely low.

49



SECTION 4

EXPERIMENTAL PROCEDURES

4.1 STATIC TENSION AND COMPRESSION TEST PROCEDURES

All tests were conducted in a 100 kip (440 kn) MTS closed loop universal

test machine equipped with four-inch hydraulic self-aligning grips. Coupon

alignment was assured by using a special exterior fixture attached to the

grip assembly.

The 180 0 F (820 C) tests of Task III were conducted with a metal enclosure

surrounding the test equipment, the internal space of which was supplied

with heated air. This arrangement provided specimen temperatures which

were uniform throughout the gage length and controlled to + 2°F (+70 C). A

thermo-couple was attached to each specimen to monitor temperature. All

other tests were performed at room temperature in laboratory air. High

strain rate tests were conducted at 0.5-5 min - I while those designated as

standard (or low) strain rate progressed at 0.005 min-1 . Either a one-inch

(25mm) or two-inch (51mm) extensometer was employed in testing of the

one-inch (25mm) wide Quality Control tensile specimens. For three-inch

(76mm) wide specimens, a continuous record of applied load vs stroke was

obtained for each specimen. The decision not to use an extensometer was

based on Task I experience wherein the extensometer was found to slip as a

result of the occurrence of out of plane displacements in the region

surrounding the hole. Modulus values determined from crosshead

displacement data compared favorably with Task I results where

displacements were obtained from extensometer measurements. A discussion

of the interpretation and use of crosshead displacement data and comparison

with extensometer and strain gage results are presented in Section 5.
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Compression specimens tested in Task II and those in Task III with the ex-

ception of item 3b (see test matrix) were supported with the same buckling

guides utilized for fatigue testing, shown installed in Figure 19. One set

of compression tests in Task III (item 3b) was conducted employing four-bar

buckling supports for specimen restraint. Both types of supports are des-

cribed in more detail in Section 4.2.

4.2 FATIGUE TEST PROCEDURES

Fatigue tests were conducted in vertical closed-loop electro-hydraulic test

machines at a frequency of 5 Hz until failure or 2 x 106 cycles was

achieved. Fatigue grips were primarily of the friction bolt type with

integral alignment fixtures, although hydraulic grips were also employed.

Each of the closed-loop electro-hydraulic fatigue machines is equipped with

a peak and valley load monitoring system which allows the monitoring of the

load signal maximum peak, maximum valley, and minimum peak and minimum

valley with an accuracy of +1.0% of full scale readings. Maximum peak and

valley loads are monitored continuously and can be preset to sound an alarm

or stop the test in the event of any loading deviation. Since previous

work (7)has shown that early failures may result due to initial loading at

normal fatigue loading rates, the following test start up procedure was

adopted. Loading for the first ten cycles of the life of a specimen was

conducted at a frequency of 0.05Hz then the frequency was increased to 5 Hz

and the test continued to failure at 5 Hz. Damage zone size measurements

and damage characterization examinations were made periodically during each

test using the modified Holscan 400 Ultrasonic NDI syL.em described in

Section 4.3.

Due to the large compressive component experienced during the fully

reversed fatigue tests, the method of test specimen support was of major
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concern. Unrealistic supporting conditions such as full face plate

buckling guides are not representative of aircraft structure loading and

would interfere with both damage development and tracking. Thus the

specimen support becomes an integral part of the test and must be

considered in the evaluation of results.

The fatigue support design used for Task II and majority of Task III is

shown in Figure 20. This configuration was designed to allow localized

deflection normal to the plane of the specimen while still providing

adequate constraint to prevent extensive gross buckling. In Task III, a

different constraint configuration was evaluated under items 4B, 5B and 6B

of the test matrix where tests were conducted with the four-bar buckling

support (constraint condition #2) illustrated in Figure 21.

4.3 DAMAGE MONITORING METHOD

Based on the Task I investigation a pitch-catch type of ultrasonic scanning

system was selected for further use on this program. This was a specially

modified Holsean System 400 produced by Holosonics, Inc. Use of this

system minimized the two main limitations of traditional ultrasonic C-scan

methods: 1) the lack of detailed information from "go, no-go" C-scan

methods; and 2) potentially adverse effects of sample immersion in a water

bath. The basic Holosonics System Holsean 400 used on this program

incorporated the following modifications:

a. The "flex arm" transducer mount was replaced with a digital

mechanical scanner control interfaced with the System 400

electronics. This overcame the basic system limitation of

requiring a manual hand scanning of the specimen and enabled the

addition of a recall memory capability. In addition, this

mounting system permitted a large selection of transducers with

the needed characteristics for use in the current program.

54



"- 2.15-

-075- .50

.25 RAD
TYP 8 PLS I...

0

8.88 .. .
1.075

2.15 63 /63

0 0 --

---3.00 .75

V TYR.---1.50 ,TP

---2.125

4.25"

NOTE: All Dimensions in Inches (1 in. 25.4 mm).

Figure 20: Fatigue Buckling Guide Design

55



3t '4

10 o/

10 o/

10 o/

10 (0

I IN

p.LL-

560



D 0 LOCKHEED-CALIFORNIA CO BURBANK FIG 11/4
ADVANCED RESIDUAL STRENGTH DEGRADATION RATE MODELING FOR ADVANC-ETC(U)
JUL 81 K N LAURAITIS. J T RYDER, 0 E PETTIT F33615-77-C-304B

UNCLASSIFIED LR-28360-19 AFWAL-TR-79-3095-VOL-2 NL

2 4 flflilfl0lflfllflfI IEEEEEEIIIBIE
'IEEEIWlEIEEllEE
EllEE-EEEEE-El
EEEIIEEEEEEEE



1.5 1.4 .



b. A digital memory, real time image display electronic processor

and dual mode scope were interfaced with the System 400

electronics to provide a digital memory storage unit for

retention and subsequent display of data in C-scan and associated

B-scan format as well as in 3-D isometric format. This provided

a major tool to assess composite damage characteristics since the

ply level at which damage occurred could be determined as well as

the extent of damage at each level.

c. A vertical mounting and coupling system was attached to the

transducer/digital scanner (see Figure 22). Inclusion of this

system provided a scanner which could be used on test specimens

mounted in the test frame, thus eliminating the necessity to

remove and reinstall specimens each time they were to be

examined. This provided a major improvement also in that the

specimen was not immersed in water for extended periods as would

occur during normal C-scan, the water contact being limited to

the 1/2 inch diameter water column directly in front of the

scanning transducer. In addition, only a single scan was

required, since data were available in the memory for further

analysis.

The modified system 400 equipment, including digital mechanical scanner,

vertical mounting system and digital memory is shown in Figure 23. I
A more detailed discussion of this system is presented in Reference 8.
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Figure 23: Modified Holosonic System 400 with Digital Mechanical Scanner,
Vertical Mounting System and Digital Memory.
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4.4 DAMAGE MEASUREMENT PROCEDURES

4.4.1 Recorded Data Available for Analysis

A typical set of Holscan data such as shown in Figure 24 consisted of the

following basic information:

a. A C-scan photo taken from the TV monitor. These data were re-

corded since the TV-monitor records nine levels of intensity

proportional to the acoustic attenuation of the signal. As a

result, it provided the maximum amount of C-scan information.

b. A C-scan photo from the memory scope. These data are more

typical of standard C-scan results and are based on the attenua-

tion exceeding a specific level, i.e., as a go-no-go record.

c. A cumulative B-scan which showed the levels at which damage was

occurring.

In addition to this basic information recorded for each inspection inter-

val, a second set of data was taken each time a significant change was

observed in the basic damage characteristics. This second data set

typically consisted of the following:

d. A photo of the TV C-scan results with marker lines indicating the

locations of single pass B-scans through the damage area.

e. Photos of the individual B-scans taken through selected regions

of the damage. A typical set of these data is shown in Figure

25.
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a. T.V. Monitor C-Scan Results

b. Memory Scope C-scan Results

c. Cuulative B-scan Results

Figure 24 Typical Holacan Data Available for Each Damage Growth
Interval
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Ultrasonic inspection methods such as the Holscan normally present a pro-

jection of the total damage area parallel to the specimen surface, regard-

less of the level at which the damage may be occurring. Although B-scan

data provide the location of the damage through the thickness, its extent

on any particular level cannot be determined. However, in any realistic

field situation these are the type of data that would be available and hold

the greatest potential for practical use if a relationship can be

established. While many possible ways exist to present this volume of

data, three damage measurements illustrated in Figure 26 were selected for

comparison and evaluation as possibly significant parameters for damage

characterization.

a. The damage area, A, determined from the C-scan photos as measured

using a K & E model 4242 Planimeter by tracing around the outer

periphery of the damage

b. The maximum damage extension in the specimen width direction, X,

as measured from the C-scan photo.

c. The maximum damage extension in the 00 fiber direction, Y, as

measured from the C-scan photos.

4.4.2 System Calibration and Area Measurement Procedures

In order to assure accurate scale factors for the photos, a calibration block

of the 32-ply quasi-isotropic T300/5208 material was machined with two

parallel milled cuts running vertically and two parallel machined cuts running

horizontally across the block. The width and spacing of the slots were then

measured with a tool makers microscope. The block was then scanned with the

Holscan unit and photos taken of the TV monitor C-scan and the memory scope
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Figure 26: Illustration of the Damage Zone Size Parameters Evaluated
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C-scan, as shown in Figure 27, and the spacings measured from the photos to

obtain the scaling factors. These scans were repeated periodically to check

for variations and were found to be stable over the course of the program.

Once the scale factors were obtained, the C-scan photos were measured using a

K & E model 4242 PlaMmeter by tracing around the outer periphery of the

damage indication to determine the area of the damage. A transparent scale

marked to 0.01 in. (0.25 mm) was used to measure X and Y dimensions. TV

monitor photos were used for all damage measurements. Comparison of repeated

measurements by one reader with those of a second reader indicated area

measurements were reproducible to approximately ±5%.

4.5 DESTRUCTIVE INSPECTION PROCEDURES

4.5.1 Resin Burn-out (Deply) Procedure

A high temperature furnace with inert gas purge was used to remove the resin

matrix from the specimens leaving the intraply fibers essentially intact and

bonded together. Specimens were cut to size (determined from Holscan data)

then soaked in a solution of gold compound for various time intervals. Two

hours for small (1.5 x 1.5 in. (38 x 38 mm)) 24-ply samples were determined as

adequate for dye penetration, but longer times were required for thicker and

larger samples. Specimens were removed from the dye, air dried and placed

inside a small stainless steel cylinder (2 in. I.D. x 10 in. in length (51 mm

x 254 mm)) with inlet and outlet lines provided for purge. Threaded end caps

were installed, purge lines connected, and gas flow started (150-300cc/mn).

The cylinder was placed in a furnace and temperature applied. After reaching

the desired temperature of 10500F (5660C) specimens were held at temperature

for four hours. The samples were removed from the cylinder after cool down

and carefully deplied. Each lamina was mounted on a folder using tape to hold

plies in proper orientation then photographed for permanent record.
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4.5.2 Netallographic Specimen Preparation

The areas to be examined were removed using a water cooled coarse alumina

abrasive blade. Sections were then mounted in Buehler epoxide cold

mounting medium. Fast removal of material was accomplished on a wet belt

grinder using 80 grit silicon carbide belt, followed by 120 grit. Final

removal (approximately 0.030 in.(0.76 mm)) of material was done very slowly

on a lapmaster with John Crane 1900 Lapping Compound (9 micron size

alumina) and 3M lapping vehicle. The two intermediate steps in the sample

preparation were performed on a rotating bronze wheel covered with acetate

cloth impregnated with 6 micron diamond lapping compound and Buehler

Automet Oil, followed by 1 micron diamond. Final step in the sample

preparation included a short polish on a Buehler Microcloth (polishing

cloth) and LECO Finish-pol (cerium oxide fine abrasive).
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SEC'TION 5

STATIC TENSION AND COMP,,ESSION RESoLTS

Static testing included the determinaLicin c: uth oamaed and Jndiaaged

properties of 3"-wide (76mm) specimens for two laminat: .s, 24-ply, 67%-0 °

and 3 2 -ply, quasi-isotropic. Static tension and compre: si,-n tests were

conducted under each task to provide the initial baseline distribution and

indicate any change which may have occurred d,.rin6 shelf storage of

specimens. Since specimens which are fatigue tested :t 5 Hz experience

much higher strain rates than those at which most static data are obtained,

tension and compression data were developed for two strain rates: 1) a

standard or low strain rate at which most static tests are conducted and 2)

a high rate comparable to that experienced in a fatigue test.

In any high rate test, the accuracy of the maximum load determination

deserves examination. For these tests the Lockheed Rye ,anyoa data central

computer was used to monitor both stroke and load at a sampling rate f

1500 per second. A typical test failure occurred in approximately 0.35 to

0.40 seconds as shown in Figure 28. For the test shown in Figure 28, 546

scans were taken during the 0.364 seconds of the test as shown in Figure

29. The estimated error is thus less than 0.2% of the maximum load.

All Task II tests were conducted in a room temperaLu e, laboratory air

environment. Task III included the evaluation of 1800F (820C) temperature

on static properties and a second constraint condition ot; compression

behavior. In addition, one inch (25mm) wide duplicate quality control

tension specimens were removed from each panel and tested in the undamaged

condition to provide a static strength reference and indicate any
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significant panel to panel variation in the base panel strength level.

Testing was conducted according to the procedures outlined in Section 4.

Test conditions are summarized in Table IX. Complete test data are

available in Volume III, Appendix C of this report.

As indicated in the procedures of Section 4, extensometer data were

obtained for the one-inch (25mm) wide QC specimens. However, values for

both tension and compression moduli and failure strains for the three-inch

(76mm) wide specimen- !ere obtained from load vs. cross-head deflection

plots due to the difficulties experienced in the first task in recording

isplacements with an extensometer. Measurements with an extensometer

attached across the hole could be made only in the early loading portion of

the tests, since higher loads produced out-of-plane displacements in the

region surrounding the hole causing the extensometer to slip. Modulus data

were required for the various test conditions under both tension and

compression loading. Accordingly, some consistency in the method of

measurement was desirable to permit comparison of any observed changes.

However the anti-buckling guides prohibited measurement outside of the

damage region. Furthermore no change in modulus would be expected over a

slcort Kage length away from the damage site. Available options, then, were

to reasure a local displacement across the hole or a global change over the

entire specimen gage length. Besides the technical difficulties of

obtaining measurements across the hole, little further change beyond the

initially observed drop in modulus would be expected since much of

subsequent damage growth would be outside the extensometer gage length.

Also the meaningfulness of such local changes would be questionable whereas

a global stiffness change can have significant design impact.

In Task I cross-head displacement measurements were obtained concurrently

with the extensometer data. A comparison of the resulting modulus data is

presented in Table X. Although generally the values compare well this

agreement appears to be fortuitous. Stiffnesses obtained from measurements
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TABLE IX
STATIC TEST MATRIX SUMMARY

Strain b Test Plan No. of

Test Type a Rate Task Item No. Replicates

QA Tension low II 1 18
Undamaged I1 1 6

Undamaged low II 9A 4
Tension high 4

Undamaged low II 9B 4
Compression high 4

Damaged low II 2A 15
Tension III 2 3

high II 3 5

Damaged low II 4 15
Compression III 3A 3

high II 3 5

Damaged Comp. low III 3B 3
Constraint # 2

Damaged low III 2B 5
Tension 180°F (82°C) high 5

Damaged low III 3B 5
Comp. 180OF (82°C) high 5

Damage Growth low II 2B 3
Tension

Damage Growth low II 4B 3
Compression

TOTAL NUMBER OF STATIC TESTS PER LAMINATE TYPE 115

a t All tests conducted on both laminates, 24-ply & 32-ply. Compression tests
employed fatigue support, constraint #1, where not indicated otherwise.

b x Low: 0.005 min.
-  high: 0.5 -5 min. - 1

c x4-bar buckling support
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TABLE X
COMPARISON OF MODULUS AND FAILURE STRAIN VALUES

DERIVED FROM EXTENSOMETER AND CROSS-HEAD DISPLACEMENT MEASUREMENTS

1" (25 mm) Extensometer

Across Hole LVDT (Stroke)

Apparent Apparent Apparent Apparent

Modulus Failure Strain Modulus Failure Strain

Specimen No. E Ef a Ei  Ef

AB-20 5.59 .0076 5.11 0.0081

BA-5 5.48 - 5.48 0.0083

BA-10 5.23 - 5.12 0.0078

CC-23 5.40 - 5.14 0.0079

CC-29 5.68 - 5.02 0.0088

DC-21 5.45 .0095 5.31 0.0081

EC-21 5.18 - 4.98 0.0089

HA-9 8.20 - 8.72 0.0091

HC-29 8.85 - 8.43 0.0093

JC-26 8.00 - 8.69 0.0085

JC-28 8.22 - 8.53 0.0084

KB-19 8.85 - 8.61 0.0086

KC-23 7.83 - 8.24 0.0086

LA-5 8.20 - 8.61 0.0087

LC-27 7.97 - 8.69 0.0083

MA-3 7.94 - 9.02 0.0089

MA-6 8.19 - 8.54 0.0085

a Where no entries listed, extensometer slipped due to out-of-plane

deflections
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over the entire nine-inch (229mm) gage length would not be expected to be

similar to those from localized readings across a hole. Hence an undamaged

32-ply coupon was strain gaged and the stress vs. strain curves derived

from gage and cross- head displacement readings compared (Figures 30 & 31).

Note that the modulus calculated from the displacement data for this

unnotched coupon is nearly identical to the values obtained for the notched

while that derived from the strain gage results is approximately 40% higher

and comparable to the values obtained for the undamaged Q.C. specimens.

Similarly modulus values for the undamaged baseline tests (Task II, Item 9)

where stroke was measured for consistency, did not differ from those for

the damaged coupons but they were considerably lower than expected for

those laminates based upon extensometer data. As anticipated, additional

deflection in the gripping system contributed to the measured specimen

displacement, but this error appeared to be constant. Hence all modulus

and failure strain data for 3 inch (76mm) coupons presented in this report

are to be used for comparison only.

5.1 QUALITY CONTROL TENSION TEST RESULTS - TASKS II AND III

Unnotched Quality Control tension tests were conducted on duplicate 1-inch

(25mm) wide by 10.5-inch (267mm) long specimens selected from subpanels A &

B for each of the nine panels of each laminate (24 and 32-ply) for Task II

and each of the 3 panels per laminate type of Task III. A comparison of

the average values for Tasks I, II and III is presented in Table XI.

Unlike the 24-ply Task I laminates those in Tasks II and III, with the ex-

ception of one specimen, did not display a totally linear to failure curve.

Stress-strain curves were generally linear to approximately 50% - 75% of

the failure stress with steadily increasing slope from this point to

failure as Illustrated in Figure 32. Behavior of this type is typical of

all 00 laminates and could be expected in a laminate containing a high

percentage of 00 fibers. Again, in Task II as in Task I, most of the
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TABLE XI

COMPARISON OF AVERAGE Q.C. TENSION
DATA FOR TASKS I, II AND III

Ultimate Ultimate Aprarent No.
Stress Strain a Modulus of

ksi MPa in./in. psi-l06  GPa Spec.
mm/mm

Task I x 147.4 1"'16 0.0095 15.3 106

S 6.3 C3 0.0002 0.3 2 10

V% 4.3 4 2.0 2.0 13

w
" Task II 163.2 1i2 0.0105 15.2 105

S 7.5 52 0.0005 0.4 3 18

V% 4.6 32 4.8 2.4 17

, Task III 157.9 1089 0.0109 14.6 101

S 3.6 25 0.0003 0.3 2 6
vz 2.3 2 2.5 1.8 201V%

Task I 77.4 534 0.0100 8.1 56

S 5.0 34 0.0006 0.2 1 10

V% 5.4 6 5.7 2.6 18

r Task II 77.5 534 0.0101 8.1 56

S 3.3 23 0.0005 0.3 2 18

v% 4.3 30 4.8 3.5 24

a Task III 72.3 498 0.0097 8.2 57

SS 5.6 39 0.0012 0.7 4 6

Vz 7.8 8 11.9 8.5 9

a One inch (25mm) extensometer used in Tasks I & II,two inch (51mm)
extensometer used in Task III
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fa 1ir"es et.ent , to the tat eglon but only one failhre at he tb 'uwr-

ed it, Task III. However, as indicated previously, these near tab fail-

ures did not appear to constitute a different population. Of the five

highest strength valiies in Task IT, only one c,.rrsponded to a speelmen

whLhh failed away from the tab region and the near tab failure of Task

III was one of the two highiest strength values obtained. Variability of

the data within each task f)- this laminate was not large as indicated in

Table XI. However it is also ip rent from this table that the 24-ply Task

II and ITT laminates have a higher average strength and failure strain than

those of Task I. The Task TI and III average fiber volumes of 65.23% and

64.93%, respectively are not significantly greater than the Task I average

of 64.56% and would not account for the observed strength increase for this

material bitch. The total range in fiber volume was 1.8%, 1.9% and 0.90%

for Tasks I, TI and III, respectively. Increase in the 24-ply laminate

failure strength appears to be due primarily to the higher fiber strength

of the second batch of materials used for both Tasks II and III. This is

evident upon examining the ratios of average laminate strength to average

iber strength of the prepreg batches which were 0.33 for Tasks I and III

id 0.34 for Task II. Fiber properties are reported in Section 3, Table
.T .

Fhe 32-ply laminates exhibited stress-strain curves having a double slope

as shown in Figure 33 which was also observed for the Task I material and

is typical of this quasi-isotropic lay-up. Stress and strain corresponding

to the intersection of the two slopes were determined and are reported in

Appendix C of Volume III as slope deviation stress and strain. Results for

all three tasks were within a range of approximately +10% which is typical

for data sets involving several processing runs. Very little difference

existed between the average fiber volumes for the 32-ply panels of Tasks I,

II and III which were 64.96%, 64.84% and 64.47% respectively. Slightly

less scatter in fiber volume was apparent in the 32-ply Task II panels

which exhibited 0.3% range compared to the 1.9% range for the Task

80
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I panels and 1.3% for Task III panels. Not unexpectedly, the higher fiber

strength of the material batch used for Tasks II and III was not evident in

the 32-ply quasi-isotropic laminate strength where only 25% of the fibers

were at 00, as it was for the fiber dominated 24-ply laminate. As

generally observed for this laminate, none of the failures occurred at the

tab edge and were usually well within the gage length.

5.2 STATIC TENSION AND COMPRESSION RESULTS FOR DAMAGED 24-PLY LAMINATE

SPECIMENS

Tension and compression tests of damaged laminates were conducted on 3-inch

(76mm) wide x 14-inch (356 m) long specimens containing a center hole

drilled with a 3/8-inch (9.5 mm) diameter drill resulting in typical damage

areas as shown in the Holscan C-scans of Figure 34, which are similar to

those obtained for Task I specimens. Damage size was very consistent

extending approximately 0.15 in. (4 mm) around the hole. No correlation of

damage size with failure load was evident. Tests were conducted at strain

rates of 0.005 min.-  and 5 min -m which provided a comparison between a

standard static rate and a rate equivalent to that of a fatigue test.

Compression tests were conducted with the two different constraint condi-

tions which were employed during the fatigue testing, a platen support with

window (Figure 20) and 4-bar buckling guides (Figure 21). Results for the

static tension and compression tests are summarized in Table XII. Detailed

test results are available in Volume III, Appendix C.

Tension stress-strain records for the damaged laminate differed from those

obtained for the undamaged QC specimens. Initial portion of the curve was

linear to approximately 30% of the failure stress with steadily decreasing

slope thereafter to failure. Compression stress vs. strain curves were

totally non-linear with continuously decreasing slope. Therefore, secant

modulus data were reported. As in Task I, the damaged tension data
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reveaed a drop of over 50% in strength in comparison to the undamaged

tension rt.suils. An additional reduction from the damaged tension data of

over 40% was observed for the damaged compression specimens of Task II

whi(n 1s sligihtly greater than the approximately 3 4% decrease observed for

zile Tas . I and 111 specimens. Compression buckling strength with the 4-bar

3uppGcr was ,,nparable to that obtained with the fatigue guide. The effect

cf the increased fiber strength apparent in the undamaged coupons as

uiscuszed :n Section 5.1 appears to have completely disappeared in

compressima tests of damaged coupons. Tension and compression moduli and

failure strains were obtained from load vs. cross-head deflection plots as

discussed an the introduction to this section. Some of the differences

oetween Task I , II, and III results may be due to inaccuracies in stroke

measurements although the average tensile strain measured in Task II and

iII was more than 30% greater than for Task I while the modulus was only 9%

..igner. This higher failure strain is likely due to the higher strength

and strain at failure of the fiber used in the batch from which the Task II

aad Ill panels were fabricated (See table IV). Comparison of damaged

compression failure strain and moduli indicates a decrease of approximately

10% in strain for Task II over Task I with essentially no change in

modulus. The higher compression failure strain for Task III is po. 'ably P-

artifact of the small sample size. Although provided for :imuparison,

statistics for Task III data are not meaningful due to the inadequate

sample size.

To determine the effect of high strain rates on the behavior of damaged

laminates, five specimens were tested in tension and 5 in compression at a

rate of 5 min - . These results are also summarized in Table XII and

displayed in graphical form in Figure 35. Comparison of the Task II

results for the two strain rates reveals no change in modulus or shape of

the stress-strain curve for either tension or compression but a decrease in

strength and failure strain in both cases, with decreases on the order of

10 to 15%.
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Typical fracture characteristics of 24-ply damaged hole specimens tested in

tension and compression are presented in Figures 36 - 38. No differences

between tension fractures at the two strain rates were discernible. The

fracture surface was roughly normal to the loading direction for a short

distance on either side of the hole then extended at a 450 angle to the

specimen edges often resulting in complete breaking out of triangular

pieces on one or both sides of the specimen as evident in Figure 36.

Little delamination accompanied the failure. Specimens tested in

compression with the 4-bar support (constraint # 2) failed by buckling of

the entire section containing the hole. However those tested with the

fatigue support buckled in the unsupported section with outer plies
"bulging" out the window while the restrained edges failed in a compression

crushing mode or fractured on a 450 plane to the specimen surface. More

surface cracking and delamination was evident in specimens tested with the

4-bar support than fatigue guides but overall amount of ply separation was

not large for either case. High strain rate specimens differed from those

tested at low strain rate only by the degree of surface ply buckling as

evident in Figure 38.

5.3 STATIC TENSION AND COMPRESSION RESULTS FOR DAMAGED 32-PLY LAMINATE

SPECIMENS

Tension and compression tests of damaged 32-ply laminates were also

conducted on 3-inch (76 mm) wide specimens containing a center hole drilled

with a 3/8-inch (9.52 mm) diameter drill resulting in typical damage areas

of approximately 0.55 in. (14 mm) in diameter centered about the hole and

similar to those obtained for Task I specimens (Figure 39). Since damage

size was fairly uniform and data scatter minimal no correlation of

strength with damage size was evident. As for the 24-ply laminate, tests

were conducted at high and low strain rates and with two constraint

conditions in compression. Summary of results for the static tension and
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Figure 36: Fracture Features Typical of both Strain Rates For
Damaged 24-Ply Specimens Tested in Tension.
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Figure 37: Typical Fractures of Damaged 24-Ply Specimens Tested in
Compression with 4-Bar Buckling Supports at Standard
Strain Rate
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compression tests is presented in Table XIII. The two stage essentially

linear behavior observed in the tension stress-strain record of the undam-

aged QC specimens was also evident for the damaged specimens but, as in

Task I, the strength decreased by approximately 50%. An additional

reduction from the damaged tension data of 15% was observed for the damaged

compression specimens which was essentially the same as the decrease

observed for the Task I specimens. Compression stress-strain curves were

totally non-linear with a continuously decreasing slope, hence secant

modulus values were determined. Results of Tasks I, II and III for the

32-ply laminate were very similar with the slight disparity primarily in

the larger data dispersion of Task I damaged compression strengths and

failure strains. The average failure strains for the Task III static tests

were slightly higher, but also the sample size was small. Compression data

obtained with the 4-bar support (constraint #2) were more widely scattered

than with the buckling guide but were in the same range as the latter

results.

High strain rate tests were conducted at rates of 0.5 - 2 min-1 in tension

and compression with five specimens per condition. These results also

appear in Table XIII and are presented in Figure 40. No change in modulus

or shape of the stress-strain curves was observed for either tension or

compression but a significant (approximately 14%) decrease in compression

strength and failure strain was apparent. While tension strength was

unaffected, data dispersion increased. Typical fracture features are shown

in Figure 41. No significant differences in failure appearances between

high and low strain rate tests were observed for either the tension or

compression loading. Tension failures were primarily normal to the loading

direction with limited 450 fiber pull out. Delamination was minimal with

none observed for some specimens. Compression fractures were similar to
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those observed for the damaged 24-ply laminate. Buckling failures occurred

in the unsupported regions which for constraint #2 was the entire specimen

width. The effect of the edge constraint offered by the fatigue guide is

evident in the edge views of Figure 41 where specimen JC-26 exhibits a

compression failure mode while EA-2 a buckling mode. Delaminations and 0 °

surface ply cracking were present in the region of the hole for both

constraint conditions but were slightly more extensive for constraint #2,

although not severe for either condition.

5.4 DAMAGE GROWTH UNDER STATIC LOADING

To evaluate the early stages of damage growth under static loading, a

series of tests were conducted by initially loading a set of specimens to

predetermined levels, unloading and characterizing the damage growth, if

any. Results of these tests are shown in Table XIV. For the 24-ply

specimens the results indicate some damage growth at stress levels above 56

ksi (386 MPa) in tension and above 34 ksi (234 MPa) in compression. For

the 32-ply specimens damage growth occurred at stress levels above 34 ksi

(234 MPa) in tension and 25 ksi (172 MPa) in compression.

Specimens were then loaded to failure, and the failure properties recorded

as shown in Table XV. No significant difference was observed in the final

failure properties as compared to those of baseline specimens. Thus, the

load/unload cycle was assumed to have no significant effect on the static

fracture behavior.

5.5 STATIC TEST RESULTS FOR DAMAGED LAMINATES AT ELEVATED TEMPERATURE

One of the variables evaluated under fatigue loading in Task III (Items 5C

and 6C of Test Matrix) was the effect of elevated temperature. To provide

a static baseline for this condition five specimens with damaged holes were

tested in tension and five in compression at 180°F (82°C) for each
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TABLE XVI

COMPARISON OF ELEVATED AND ROOM TEMPERATURE
STRENGTH DATA AT TWO STRAIN RATES

FOR DAMAGED LAMINATES

TENSION COMPRESSION

ksi ut MPa ksi reCMPa

Standard Mean 80.9 558 36.6 252
Strain Std. Dev. 5.2 36 3.9 27
Rate a Coef. of Var. % 6.5 6.5 10.7 10.7

24-gly
180 F High Mean 74.9 516 36.0 248
(820C) Strain Std. Dev. 2.1 14 1.3 9

Rateb Coef. of Var. % 2.8 2.8 3.5 3.5

Standard Mean 74.2 512 44.4 306
Strain Std. Dev. 5.5 38 2.8 19
Rate Coef. of Var. % 7.3 7.3 6.3 6.3

24-Ply
Room High Mean 67.5 465 36.9 254
Temperature Strain Std. Dev. 3.0 21 2.9 20

RateC Coef. of Var. % 4.4 4.4 7.8 7.8

Standard Mean 44.5 307 27.6 190
Strain Std. Dev. 2.5 17 0.6 4
Rate Coef. of Var. % 5.7 5.7 2.2 2.2

32-Ply
180'F High Mean 40.8 281 26.2 181
(82°C) Strain Std. Dev. 1.6 11 1.4 10

Rateb Coef. of Var. $ 3.9 3.9 5.4 5.4

Standard Mean 40.4 279 34.2 236
Strain Std. Dev. 1.6 11 1.5 10
Rate Coef. of Var. % 4.0 4.0 4.5 4.5

32-Ply
Room High Mean 40.0 275 29.3 202
Temperature Strain Std. Dev. 3.4 23 4.5 31

Rated Coef. of Var. % 9.2 9.2 15.5 15.5

a = 0.005 min -  c = 5 min-

b = 4 min -  d = 2 min -  tension, 0.5 min - I compression
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laminate type at two strain rates. Results are summarized in Table XVI

along with Task II room temperature data which are included for comparison.

The overall effect of high strain rate for all conditions evaluated and

both laminates types was a reduction in the strength of laminates con-

taining damaged holes. Compression strength decreases due to the higher

strain rate were insignificant at elevated temperatures for both laminates

while at room temperature the reduction was on the order of 15%. Tension

strength dropped approximately 8% as a result of high strain rate for all

cases except the 32-ply laminate room temperature condition where no change

was evident. Elevated temperature produced an increase in tensile strength

in all cases, most likely due to a reduction in notch acuity. As expected,

compressive strength decreased as a consequence of the increased propensity

towards buckling which is evident in the photographs of Figure 42. Tension

fractures at elevated temperatures did not differ measurably in appearance

from room temperature tests. Typical examples are displayed in Figure 43.

5.6 TENSION AND COMPRESSION DATA FOR UNDAMAGED LAMINATES

Included in the Task II test matrix (Item 9) was a set of baseline material

tests to be conducted on 3-in'h (76 mm) wide specimens identical to the

damaged hole specimens of Figure 17 except that they contained no

hole or intentional damage. Four replicates of each laminate per a

condition were tested.

The 24-ply and 32-ply laminate undamaged tension and compression test

results, at strain rates of 0.005 min - 1 and 2.3 min- 1 are presented in

Tables XVII and XVIII and comparison with the QC data is shown in Figures

44 and 45. A number of 24-ply specimens tested in tension were machined to

a 2.5-inch (64 mm) width since the load required to fail the wider

specimens exceeded the 55,000 lb. (245 kn) load capacity of the hydraulic

grips.
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14 TABLE MVII

TENSION :;TR[NGTH DATA
FOR UNNOrCHEI, SPECIMENS

I STANDARD STRAIN RATE HIGH STRAIN RATE
Laminate Specimen rult Specimen

Type ID ksi MPa ID ksi MPa

BB-11 161.2 1111 AC-22 118.5 817

BC-24 a,b - DA-9 166.7 1149
EB-13 a,b - FC-22 152.4 1051

Unnotched EC-28 157.8 1088 GB-13 145.2 1001
24-Ply HB-14 a b -
67% - 00 IB-18 149.4 1030
Laminate

Mean 156.1 1076 145.7 1005
Std. Dev. 6.1 42 20.2 139
Coef. of Var. % 3.9 3.9 13.9 13.9

JB-13 77.6 535 KA-1 76.0 524
Unnotohed LC-22 78.3 r.,' PC-28 82.5 569

* 32-Ply QB-15 82.7 5' SC-28 78.4 541
Quasi- RA-9 72.2 498

Isotropic

Laminate Mean 77.7 536 79.0 545
Std. Dev. 4.3 30 3.3 23
Coef. of Var. % 5.5 5.5 4.2 4.2

a = Loaded to grip capacity without failure

b = 3 inches wide

NOTE: Specimens Machined to 2.5-inch (64 nin) Width Except Where Noted Otherwise

4
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TABLE XVIII

COMPRESSION :;TRENGTH DATA

FOR UNNOTCHED SPECIMENS

ft

STANDARD STRAIN RATE HIGH STRAIN RATE
Laminate Specimen € u t  Specimen ult

Type ID ksi MPa ID ks MPa

CB-13 85.8 592 AC-23 93.7 646

Unnotched CC-29 85.5 590 BA-3 93.5 645

24-Ply EA-2 88.3 609 GA-8 86.9 5 9
67% - 00 FC-28 93.9 647 GC-28 97.1 669
Laminate IC-26 85.6 590

Mean 88.4 609 92.5 638
Std. Dev. 3.9 27 4.9 34
Coef. of Var. % 4.4 4.4 5.3 5.3

NB-12 54.7 377 JA-2 60.3 416

NC-23 51.3 554 KC-29 63.7 439

Unnotched PA-2 58.1 401 NA-9 57.1 394

32-Ply QB-i8 59.4 410 QA-lO 75.9 523
Quasi- RB-16 68.2 470
Isotropic

Laminate Mean 55.9 385 65.'0 448
Std. Dev. 3.6 25 7.3 50'

Coef..of Var. $ 6.5 6.5 11.3 11.3

I
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A
The sample size was too small to determine whether an effect existed.

There seemed to be an increase in compression strength for both laminates

at the higher strain rate while the tension strength appeared to be

unaffected for the 32-ply laminate and reduced for the 24-ply laminate.

The linear two stage slope exhibited by the unnotched one-inch (25 mm) wide

and the notched three inch (76 mm) 32-ply specimens was also evident in the

tension stress-strain record obtained for the 3-inch (76 mm) wide unnotched

coupons. However, these wide unnotched 24-ply specimens displayed a
*1 tension stress-strain curve more comparable to that of the notched

specimens and unlike the fairly linear record of the narrow unnotched

, coupons. The tensile curve was linear to only approximately 205 of the

strength then progressed at a continuously decreasing slope to failure.

Compression stress vs. strain records were totally non-linear for both

laminates and similar to previously observed behavior.

Low strain rate tension specimens of the 24-ply laminate exhibited the two

types of fractures shown in Figure 46a. Either a 450 triangle was split

from the center of the specimen or a longitudinal piece was separated from

• the specimen at a 450 angle at either end. Final fracture was always at a

50 angle and accompanied by almost no delamination. These failureswere

very similar to those observed for the higher strength impact damaged

specimens of Task I. The high strain rate tension failures were very

similar to the second mode of failure exhibited by the low strain rate

specimens differing by perhaps some slight delamination near the fracture.

Low and high strain rate tension failures of the 32-ply laminates were in-

distinguishable. Failures occurred away from the tab usually normal to the

load direction accompanied by a secondary crack at a 450 angle (Figure 47).

Some delamination was present but was not extensive as was the Case for the

impact failures in Task I. Tension fractures of both the 24-ply and 32-ply
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wide specimen had some similarity to the fractures of the narrow QC

specimens as shown in Figure 48. Longitudinal splitting was riot observed

in the narrow 24-ply coupons while this failure type dominated in the wide

specimens.

tSince undamaged compression specimens were tested with the fatigue guide

support the obvious failure location was the unsupported length near the

* tab which occurred for all conditions as shown in Figure 49.

5.7 COMPARISON OF TASK I AND TASK II DATA

The results of the Task I and Task II tension and compression data were

represented by two-parameter Weibull statistical distributions (see Figures

150 through 55 and Table XIX) of the type described in Appendix K. The

commonly used Weibull distribution is a specific form of the third

asyMtotic function of the statistical theory of extreme values (27) and can

be thought of as a generalization of the exponential probability
distribution function.

Interpretation of a comparison of the experimental results by using the

Welbull parameters shown in Table XIX often leads to conflicting

inferences. This problem results because simple contrast of shape and

characteristic value parameters does not always allow easy inference of

whether distribution functions are different. For example, the population

pairs represented by the first, second and sixth entries of Table XIX are

probably different and that of entry five the same. but whether those of

entries three and four are truly different is less clear.

Non-parametric statistical procedures were used to solve such problems in

discrimination. In essence, differences in the Weibull parameters of two

populations is a necessary condition for their distribution to be

112
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TABLE XIX
COMPARISON OF TWO PARAMETER WEIBULL DATA FIT PARAMETERS

FOR TASK I AND TASK II

Shape Characteristic Fit
Parameter, Value, Parameter,

Data Set k v r

24-Ply Unnotched Tension

- Task I 22.61 150.51 0.9619

- Task II 23.05 166.80 0.9862

24-Ply Damaged Tension

- Task I 24.70 71.09 0.9228
- Task II 14.05 76.81 0.9826

24-Ply Damaged Compression

- Task I 20.60 47.32 0.9871
- Task II 16.23 45.77 0.9698

32-Ply Unnotched Tension

- Task I 14.70 79.93 0.9625
- Task II 24.20 79.12 0.9635

32-Ply Damaged Tension

- Task I 24.96 40.97 0.9082
- Task II 26.16 41.15 0.9807

32-Ply Damaged Compression

- Task I 8.77 37.30 0.9777
- Task II 22.85 34.94 0.9756
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different, but is not sufficient. This fact was born out by the results of

the comparisons made using the non-parametric statistical procedures.

The non-parametric statistical test procedures selected for comparing data

were the Mann-Whitney (28) and Wald-Wolfowitz (28)tests for determining

whether the distribution functions of two different populations are the

same. Both procedures were used because the sample size of the Task I data

is not quite adequate to achieve an acceptable level of confidence for the

Wald-Wolfowitz procedure. Because of the inadequacy of the population

sample sizes for the Wald-Wolfowitz procedure, greater confidence was

placed in the inferences based on the Mann-Whitney procedure. None of the

Task III data were compared to the data of Tasks I and II using

non-parametric statistical procedures because sample sizes must be at least

greater than or equal to eight. This criterion was clearly not met for the

Task III data where population sample sizes totaled three for damaged

conditions and six for the undamaged.

Non-parametric statistical procedures were applied in such a manner as to

evaluate whether the distributions of two populations were the same or

different to a five percent risk of error confidence level. Each pair of

the six Task I and Task II data groups shown in Table XIX were compared.

The results of the comparison are summarized as follows:

Mann-Whitney Distribution Functions
Data Set Statistic Are:

24-Ply Unnotched Tension 3.37 Probably Different

24-Ply Damaged Tension 2.77 Probably Different

24-Ply Damaged Compression 1.83 May Be Different

121



Mann-Whitney Distribution Functions
Data Set Statistic Are:

32-Ply Unnotched Tension 0.14 Probably Same

3 y-..y Damaged Tension 0.33 Probably Same

32-Ply Damaged Compression 1.23 May Be Different

The comparison table shows that the Task I and Task II 24-ply unnotched

tension data are probably different thus reflecting the difference in fiber

properties for the material batches discussed in Section 3. The table also

shows that the significance of the difference in fiber properties was much

less for the 2-ply damaged tension experiments and even less for the

24-ply damaged compression. The effect of fiber difference can be seen to

be negligible for the 32-ply laminate. These conclusions as to the

sensitivity, or insensitivity, of the laminates to fiber strength support

the conclusion mpde in Section 5.2 based on the quality assurance data.

With regards to relating the non-parametric statistical procedure results

to the Weibull parameter comparison of Table XIX, several comments are

warranted. First, large differences in shape parameters do not mean that

distribution functions are different as shown by the 32-ply unnotched

tension data comparison. Second, the 24-ply damaged tension and compres-

sion results show that differences in shape or characteristic value para-

meters may mean that the distribution functions are different. These two

inferences are supportive of the hypothesis that differences in Weibull

parameters appear to be necessary for inferring distribution function

differences, but are not sufficient. Third, the possible difference be-

tween the Task I and Task II 32-ply compression results is believed to be

due to the fact that the population sample sizes are too small to

accurately represent the actual distribution functions.
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SECTION 6

TASK II FATIGUE RESULTS

Cyclic tests were conducted in this task primarily to establish the 'Ltigue

life and residual strength distributions by generating statisticail igni-

ficant data sets for the 24-ply and 32-ply laminates and to document in

detail the fatigue induced damage growth characteristics. To this end,

twenty replicate specimens for each laminate were subjected to fully

reversed cyclic loading at a single stress level with damage growth for

each specimen monitored a minimum of ten times during its life using a

Holosonics Series 400 Holscan unit. Based on these results, five cycle

levels were selected for the residual strength study. Twenty-three

specimens of each laminate were inspected, cycled to one of the five

preselected N values and Holscanned again. Three of the replicates were

destructively analyzed while the other surviving specimens were tested in

static tension or compression. This sequence was repeated for each of the

five N values.

Due to the high compressive load component, specimens were supported with

the fatigue guides of Figure 20 which consisted of full platen restraints

with a 2.15 in. (55mm) square window. All tests were conducted in room

temperature laboratory air. Testing details are presented in Section 4.2.

Detailed test results are available in Volume TII, Appendix E & F of this

report.

6.1 FATIGUE LIFE RESULTS

6.1.1 Fatigue Life Distribution for the 24-Ply Laminate

Since the average damaged and undamaged tension strength of the 24-ply

laminate for the Task II material batch appeared to be higher than that of
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the Task I batch but the damaged compression strength showed no change as

reported in Section 5.2, preliminary fatigue tests were conducted to

determine whether the +35 ksi (241 MPa) stress level selected as a result

of the Task I testing could still be expected to yield cyclic lives in the

range of 105 to 106 cycles. Extra specimens which did not strictly meet

the dimensional tolerance requirements were used for this evaluation.

Three specimens were cycled at each of two stress levels, +34 ksi (234 MPa)

and +38 ksi (262 MPa) and compared to the Task I results.

Results were as follows: 134 ksi (234 MPa) 138 ksi (262 MPa)

N = 1,142,500b  92,784

9,530 58,507

18,430 10,211

For these specimens there was no correlation between life and the amount by

which the specimens did not meet dimensional tolerances. Although there

appeared to be an increase in the data dispersion, which was not

unexpected, most of the lives were anticipated to be in the desired range

for the selected stress level of +35 ksi (241 MPa). A series of twenty

specimens was then fatigue cycled to failure at a stress level of +35 ksi

(241 MPa) (R = -1) to determine the scatter at a given stress level. The

Holscan ultrasonic unit was used to periodically measure the damage during

the specimen life. Results of these tests are presented in Figure 56 along

with the preliminary Task II and Task I test data. Task I and II results

were consistent with data dispersion extending over just less than two

orders of magnitude. Figures 57 and 58 respectively show the fatigue

scatter results with the two parameter and three parameter Weibull curve

fits for the Task II data.

b Specimen failed due to accidental overload
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Typical fractures representative of the range of lives are shown in Figure

59. Considerably more delamination is evident for these specimens than for

those tested under static loading.

6.1.2 Fatigue Life Distribution For The 32-ply Laminate

A preliminary set of three fatigue tests was conducted on slightly out of

tolerance specimens of the 32-ply quasi-isotropic laminate at a maximum

stress level of 20 ksi (138 MPa), R =-1. Fatigue lives of 214,421 cycles

to failure, 1,378,770 cycles with no failure, and 1.8 x 106 cycles with no

failure were observed. Since this indicated fatigue lives longer than the

target mean life of 4 x 105 cycles, a second set of these specimens was

tested at a maximum stress level of 24 ksi (165 MPa) and yielded lives

between 68,000 and 100,000 cycles to failure. As a result, a stress level

of 22 ksi (152 MPa) was selected for use in Task II. Subsequently a series

of twenty specimens was fatigue cycled to failure at the selected stress

level (R = -1) to determine the scatter at a given stress. The Holscan

ultrasonic unit was used to periodically measure damage during the specimen

life. Results of these tests are presented in Figure 60 along with the

preliminary Task II and Task I test results. Data dispersion was much

smaller for the 32-ply laminate coupons by comparison to the 24-ply with

scatter extending over slightly more than one order of magnitude. Figures

61 and 62 display the fatigue scatter results for the two and three

parameter Weibull curve fits to the Task II data. Typical fracture

features are shown in Figure 63. Failures occurred on the compression

cycle evident in the compression crushing fractures of the supported width

which can be noted in both the face and edge views of Figure 63.

Delamination and surface ply splitting was more extensive than observed for

static loading.
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6.2 DAMAGE GROWTH UNDER FATIGUE LOADING

Definition of damage growth characteristics in composite materials is

considerably more difficult than in metals where a single crack length

parameter can be used to characterize damage. In composite materials the

wide variety of potential damage modes, many of which may occur in a single

damage region, and their sensitivity to the NDI method employed for

detection make the selection of a meaningful damage parameter or parameters

difficult.

In Task I various types of damage possible in composite materials were

considered prior to the selection of the impact and damaged hole conditions

for investigation in that Task, which in turn led to the selection of the

single damaged hole condition for study in Tasks II and III. The primary

manifesting change in the material as a result of the tool drop impact

loading or drilling methods employed was delamination. Because delamina-

tion was most evident, is often observed in composite materials, necessar-

ily present in fatigue failures, widely considered to be detrimental to

structural integrity, and assumed by many to grow in a crack-like manner it

was identified as the "damage" of interest for this investigation. Thus,

the NDI method selected for the damage tracking was primarily sensitive to

delamination. However, the range of validity of the recorded growth

information could be restricted by the clamping effect of the fatigue

buckling guides. As noted in the Task I Summary, delamination growth

appeared to slow or stop at the boundaries of the 2.15-inch (55 mm) square

window. Consequently, X and Y measurements beyond the window size had to

be evaluated with this consideration in mind. Damage measurement

procedures are detailed in Section 4.4.
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6.2.1 Damage Growth Results for the 24-Ply Laminate

Since, as discussed above, damage size was expected to be liinted by the

fatigue specimen restraints resulting in very little damage growth at + 35

ksi (241 MPa) beyond 300,000 cycles with most of the growth occurring early

in the cyclic life, the following Holscan inspection intervals were

selected (in thousands of cycles): 0, 1, 5, 10, 20, 30, 45, 60, 90, 125,

225, 500, 1000, 2000. Damage growth data obtained from the twenty fatigue

replicates are tabulated in Tables XX - XXII for the damage area (A), width

(X) and height Y) parameters, respectively.

At this stress level none of the damage growth measurements attained the

dimensions of the window size until just prior to fracture. Even then only

two specimens (HC-27, IB-18) reached the window size in the X-direction and

two (AC-30, CC-25) in the Y-direction. Discarding these points would

decrease the scatter slightly but would also bias the data, since if the

fatigue supports are slowing the growth (i.e. the damage size would

otherwise be larger) the scatter would be greater and average damage size

larger. The means of the damage measurements are already significantly

biased by the occurrence of fatigue failures, for clearly, when specimens

fail the larger damage sizes drop out of the population. For this reason

plots which include all data for individual specimens are presented in

Figures 64 - 66 rather than average values.

Representative data for several specimens were plotted with a linear life

scale to illustrate the early growth characteristics. For most specimens

initial growth was rapid then slowed, progressing at a much lower rate to

failure as shown in Figure 67. The shorter lived specimens exhibited the

behavior shown in Figure 68 where the growth rate never slowed. Since for

the few specimens tested in Task I the X or Y dimension at which the growth

rate reduction occurred seemed to correspond to the size of the
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fatigue guide "window", it was postulated that this rate reduction may be

due to the clamping effect of the supports. This supposition does not

appear to be strongly supported by the larger data set of Task II at one

stress level. A number of specimens exhibited no rate reduction 4hile for

those that did the slowed growth appeared to be a characteristic behavior

of the laminate occurring at approximately the same N value but having a

corresponding damage dimension ( X or Y) ranging from less than one inch

(25 mm) to over 2 inches (51 mm).

The general shapes of the damage vs N curves of Figures 64 - 66 are very

similar to a vs N curves obtained for metals but the scatter is consider-

ably larger. Area and width data exhibit coefficients of variation on the

order of twice those for the growth in the Y direction. However, because

Y-direction growth is the most uniform and orderly it is least likely to

correlate to life. If a relationship between damage size and life existed,

the larger dispersion in life data would require a large variation in

damage size at any given number of cycles. This would also be true if the

residual strength were expected to degrade to the fatigue stress.

Examination of the Holscans indicates that the major growth occurs in the X

not Y direction. Moreover, failures occurred during the compressive load

excursion due to instability. Damage growth strictly in the specimen

length (Y) direction for a specimen supported as in this study would not be

expected to significantly affect the specimen stability and thus the life.

Accordingly, if the failure problem is one of stability, neither damage

width nor area may be expected to relate to life directly, except for a

generally higher probability of failure as damage grows. That this is, in

fact, the case is evident from Figures 69 and 70 which present in two

different forms the lack of correspondence between damage size and fatigue

life. This lack of relationship is also immediately apparent upon examin-

ing the Initial flaw sizes which do not vary greatly and noting the factor

of 30 difference in life. Clearly inspection for initial flaw sizes can

offer no better than a prediction within 2 orders of magnitude.
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Typical Holscans illustrating damage growth behavior from which measure-

ments were obtained are presented in Figures 71 and 72. Additional growth

data are available in Volume III, Appendix D. Note that the major growth

is in the width (X) direction. Figure 71b provides a good example as to

why area serves as a better damage growth parameter since it reflects both

X and Y extension. There is little difference between the X (vertical in

photo) measurements at 45,000 and 60,000 cycles since the maximum X

dimension does not change, yet clearly there is additional X growth which

tends to fill out the damage contour. This growth is reflected in the area

measurement.

6.2.2 Damage Growth Results for the 32-Ply Laminate

This quasi-isotropic laminate had been selected because it is prone to

delamination early in life. Therefore, the cycles selected for Holscan

inspection concentrated on an earlier portion of the life than for the

24-ply laminates. These were (in thousands of cycles) 0, 0.1, 0.5, 1, 2.5,

5, 10, 20, 50, 100. 250, 500, 1000. Damage growth data obtained from the

twenty replicates are presented in Tables XXIII through XXV for area (A),

width (X) and height (Y) parameters, respectively. Delamination growth in

the width direction did attain the dimensions of the window size for most

of the specimens but these were always the last one or two recorded

measurements prior to failure. When two such measurements were recorded,

in half of these the second reading was equal to or smaller than the first.

This is not necessarily indicative of the slowing of the growth, but

usually due to the loss of C-scan indications as a result of surface ply

cracking and delamination. Measurements approximating the window size were

not discarded from the data set to avoid data bias which would then result

as discussed for the 24-ply laminate. Damage growth behavior is displayed

in graphical form for individual specimens in Figures 73 - 75. To

illustrate the early growth characteristics, data for typipal specimens are

plotted using a linear life scale in Figure 76. Major delamination growth
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for this laminate was also across the width X), but unlike the 24-ply

laminate case, Y growth was minimal resulting in area measurements which

primarily reflected the X extension. Thus, area could be used to quantify

delamination development in both laminates.

Scatter in the damage size data was not as large for this laminate, but

then neither was the dispersion in the life data. Thus, a slightly better

correspondence between damage size at 20,000 cycles (at which point one

failure had occurred) and life is apparent in Figure 77 than was observed

for the 24-ply laminate. But, as the damage size increased nearer to

failure even this tenuous relationship disappeared as evident from Figure

78. Also, as for the 24-ply laminate variation in initial damage size was

not large but the life data were spread over an order of magnitude. Hence,

prediction of life based upon inspection for initial flaws size could be no

better than within one order of magnitude.

Typical Holscans illustrating the damage growth behavior of the 32-ply

laminate are displayed in Figures 79 and 80. Additional data are available

in Volume II. Note in Figure 80 that area measurements would reflect the

growth of this type of delamination much more accurately than width or

height, although the measured maximum X or Y dimension may at times remain

unchanged, X and Y growth will occur filling out the contour.

6.3 RESIDUAL STRENGTH RESULTS

One hundred and fifteen specimens in five groups of twenty-three each were

fatigue cycled at one stress level with R = -1 for each laminate type.

Each of the groups of specimens was Holscanned prior to testing, cycled to

one of five selected life values for each laminate and Holscanned again.

Then, one to three specimens (depending upon the number surviving) per

group were removed for destructive inspection and half of the remaining
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N- 0 N- 100

N- 500 N = 1,000

N - 2,500

Figure 79a: Typical Damage Growth Characteristics of Inltially Damaged 32-Ply
Quasi-Isotropic Specimens (Specimen RB-14, Nf - 51,400)
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Figure 79b: TYPiCal Damage Growth Characterintics of Initially Damaged 32-Ply
Quasi-Isotropic Specimens (Specimen RB-14, Nf - 51,400)
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Figure 80a: Typical Damage Growth Characteristics of Initially Damaged 32-Ply
Quasi-Isotropic Specimens (Specimen OA-5, Nf - 234,200)
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N = 5,000 N - 10,()0(:

N 20,000 N - 50,000

Figure 8b: Typical Damage Growth Characteristics of Inltiallv Damaged 32-Ply
Quasi-Isotropic Specimens (Specimen OA-5, Nf = 234,200)
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specimens of each group were tested for residual tensile strength and half

for compressive strength.

Selection of the five fatigue cycle intervals was based upon the following

considerations:

1) The intervals selected should provide an assessment of the

relative static strength loss over the range from very early in

the history through to the 80% probability of survival cycle

level as determined from the fatigue distribution (Item 5) data.

Selection of the 80% probability of survival point as the upper

cyclic bound was made since: (1) longer target lives would

increase the number of fatigue failures prior to achieving the

desired cycle count; and (2) residual strength data at cycle

intervals beyond the 80% survivability point were considered to

be of questionable design significance.

2) The intervals should provide information for the correlation of

damage size with the mechanical response of the material. There-

fore, when damage growth has occurred uniformly during the entire

life, a range of varying damage sizes should be evaluated. If,

however, the damage growth occurred slowly during a significant

portion of the life, it would be of value to examine two cycle

levels which are widely separated numerically but show only minor

changes in the damage size to determine if damage occurred during

the cyclic intervals which was not revealed by C-scan.

The mechanics of implementing the above considerations were the following.

First the 80% probability of survival cycle value was determined from the

results of Item 5 tests, which defined the maximum cyclic life interval for

study, hereafter referred to as N p. The distributions of damage sizes for
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the 20 replicates were evaluated as a function of cycles. A plot was made

of the mean value damage sizes 4 the number of fatigue cycles. The mean

damage size corresponding togthe Np cycle level was determined along with

the mean damage size at N = 0 cyclEs. The difference between mean damage

sizes at N = 0 and N = N was divided into five equal damage size intervalsp

and the corresponding n'imbefs dt cycles NV N2t N3, N4, and Np were defined

for the residual strength tests (Items 6, 7).

6.3.1 Residual Strength Results for the 24-Ply Laminate

a

The five groups of twenty-three specimens each were fatigue cycled to the

selected life values under the same conditions as the specimens used to

determine the baseline fatigue distribution with a maximum stress of 35 ksi

(241 MPa), R = -1. The 80% probability of survival life based upon the

baseline distribution of 20 specimens was 40,000 cycles,N5. However, once

testing was in progress there appeared to be a shift in the distribution

towards shorter lives from the baseline results with failures occurring

after a few thousand cycles. The twenty specimen baseline data scattered

over nearly two orders of magnitude with lives ranging from 27,000 cycles

to slightly ove; 900,000 cycles. Since large numbbers of failures were

occurring the intervals N - N4 were shifted towards the shorter life end

from the originally proposed equally spaced intervals as follows: N1

4,000, N2 = 8,000, N3 = 12,000, N4 = 20,000 with N5 remaining at 40,000.

Testing was temporarily discontinued while all possible equipment,

mechanical, electrical and human variables were checked out including:

machine and specimen alignment, load cell calibration, possible electrical

transients, input signals, uniformity of all fatigue support sets and bolt

torques on supports and grips. No irregularities or problems were

discovered. Several additional possibilities were then examined. There

was slight evidence that a machine bias may exist, therefore, all testing

was returned to the two original machines. However, no effect was noted
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due to the change in machine. It was ascertained that the first ten cycles

of the life of a specimen on all machines were run at the required 0.05 Hz

with incrementally increasing stress reaching 90% amax o, the tenth cycle,

since in previous investigations it was discovered that immediate

application of the alternating stress at 5 Hz resulted in shorter lives.

There was also no measurable change in specimen weight eliminating the

possibility that absorbed moisture may be affecting the results. The only

remaining variable was th.e fact that the baseline tests were conducted with

periodic stops to measur: damage growth using the Holscan equipment while

the specimens for residual strength testing were being cycled without

interruption to a given number of cycles. Temperature build up in the

latter group was suspected of possibly causing shorter lives.

To investigate the possibility that specimen life might be prolonged by

periodic cooling, fatigue testing to 20,000 cycles (N4 ) was interrupted

with one hour holds at mean (zero) stress after 1,000, 5,000, and 10,000

cycles which corresponded to the scanning intervals of the baseline

distribution. Concurrently, under an independent research program, several

specimens were fatigue cycled to failure with periodic one hour holds

corresponding to the scanning intervals. Specimens were air cooled during

the hold periods. Specimen temperatures before and after the holds were

recorded. Temperature built to a high of about 950F (350 C) and then cooled

to lab temperature during hold. The first specimen failed at slightly over

158,000 cycles, the second completed 500,000 without failure when it was

stopped. However, the next two failed at short lives of 20,960 and 9,610,

both shorter than the shortest life of the baseline distribution. Further

testing was discontinued. Specimens being cycled to N4 (20,000 cycles)

also revealed no beneficial effect of the hold time with 11 out of 23

failing. Results of the fatigue testing to N1 through N5 are presented in

Table XXVI. Examination of these data does not appear to indicate a

machine bias nor a panel bias which were suggested by the baseline results

(see Table XXVII). All the panels are represented among the early failures
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TABLE XXVII
BASELINE FATIGUE LIFE DISTRIBUTION

BY MACHINE

MACHINE 17 MACHINE 18

24-Fly Laminate

Mean Life (Cycles) 102,300 310,500
Std. Dev. 113,600 287,700
Coef. of Var. 111% 93%
No. of Specimens 8 12

32-Ply Laminate

Mean Life (Cycles) 114,100 100,300
Std. Dev. 100,300 69,900
Coef. of Var. 88% 70%
No. of Specimens 7 10
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and percentages of short lives occurring in each machine are nearly the

same when the complete data set is considered as indicated in Table XXVIII.

The 32-ply specimens were tested in the same machines and no such difficul-

ties were encountered, indicating that the scatter is a characteristic of

the laminate. Because of the extremely large dispersion of life data for

the 24-ply laminate (approximately 2.5 orders of magnitude) the twenty

specimen data set used to determine the fatigue life distribution was

inadequate for establishing the behavior and probably at least twice that

number would be required.

Due to the high percentage of failures, the number of specimens available

for residual strength testing was reduced by half for the last two inter-

vals. However, the trend indicated in summary Tables XXIX and XXX is still

fairly definitive in that the tensile residual strengths and failure

strains increased as the number of cycles completed increased. There was

only a slight indication of a similar trend in compression, but it was

clear that no decrease in properties occurred with cycling to 40,000

cycles. Also, no change in tension or compression residual modulus after

cycling was evident. Since a number of fatigue failures had occurred

during cycling to the desired N x value, some of the tension increase was

likely due to a screening effect as shown by the reduction in strength data

scatter. But, not entirely, since the average tensile strength after

40,000 cycles was greater than the maximum baseline value. The additional

increase was due to the reduction in notch acuity associated with the

expanding "damage" zone.

Prior to residual strength testing, each specimen was inspected (using the

Holsean ultrasonic C-scan equipment) to determine damage area, width and

length. These results are given in detail in Appendix, F of Volume III.

Summaries of the measurements for the 24-ply laminate are presented in

Tables XXXIa and b. Despite the fact that damage was found to increase in

a systematic manner as the number of applied cycles increased (discussed in
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Section 6.2) data scatter was so large that no trend was observed which

could be represented by a simple mathematical expression. As shown in

Table XXXIa, the average damage area did not increase systematically as

cycles increased. The reason for this is indicated by the percent coeffi-

cient of variation values shown in Table XXXIa and delineated in Table

XXXIb. In the latter table, one can see that the damage area reached at a

particular number of cycles did not systematically depend on the initial

damage area. Equally as important, no apparent trend in the relationship

between damage size (as defined by C-scan) and residual strength was found

(see Figures 81 and 82 and representative Holscans in Figure 83). The

conclusion was made that the relationship between damage size and remaining

fatigue life or residual strength, for these coupons, is not of engineering

significance.

The effect of delamination damage on strength for these laminates is not

that of the dominant flaw. The damage appears to be significant only when

it is of a size where it affects the stability of the structure

(coupon/support configuration) resulting in failures. Further discussion

appears in Section 9.

Typical fracture appearances of residual strength tested specimens are

shown in Figure 84. Slightly more delamination was evident than in

baseline specimens, however little difference over the range of 4,000 to

40,000 cycles was apparent.

6.3.2 Residual Strength Results for the 32-Ply Laminate

Each of five groups of 23 specimens was fatigue cycled at 22 ksi (152 MPa),

R = -1 to one of the following Nx values: N1 = 1,000, N2 = 5,000, N3 Z

10,000, n4 = 20,000 and N5 = 28,000 where N5 corresponded to the 80%

probability of survival life based upon the baseline distribution of 20
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TABLE XXVIII

FAILURE DISTRIBUTION BY TEST MACHINE
FOR 24-PLY LAMINATE SPECIMENS FATIGUE TESTED TO N - N5

FOR RESIDUAL STRENGTH DETERMINATION

Machine 15 Machine 17 Machine 18

Failures < 8,000 cycles 17% 15% 11%

Failures < 12,000 cycles 21% 27% 17%

Failures < 20,000 cycles 24% 40% 40%
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TABLE XXIX

TENSION RESIDUAL STRENGTH DATA SUMMARY

24-PLY, 67% 0° FIBER LAMINATE

Number of Fatigue Cycles Completed

Property BaseYine 4,000 8,000 12,000 20,000 40,000

Average Strengti
ksi 74.2 79.2 F1.0 83.8 83.0 87.2

Standard Dev. 5.5 3.0 4.6 3.9 3.6 2.4

Coefficient of
Variation % 7.3 3.7 5.7 4.7 4.3 2.8

Average railure .
Strain, in./in. 0.0099 0.0104 0.r106 0.0115 0.0113 0.0112
Standard Dev. 0.0009 0.0007 0.0008 0.0008 0.0006 n.0005

Coefficient of
Variation % 9.1 7.0 7.7 7.1 A.9 4.5

Average Secant
Modulus t Failure
psi x 10 7.5 7.6 7.6 7.4 7.4 7.8

Standard Dev. 0.19 0.42 0.28 0.38 0.08 0.21

Coefficient of
Variation % 2.5 5.5 3.7 5.1 1.1 2.6

Average Initial
Tangent Modulus
psi x 106 8.9 8.9 8.9 8.8 8.8 9.1

Standard Dev. 0.20 0.28 0.21 0.26 0.18 0.33

Coefficient of
Variation % 2.3 3.1 2.4 2.9 2.1 3.7

No. of Spec.
in Data Set 15 9 9 8 5 5

Percent Failure - 0 17 ?2 4C 48
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TABLE XXX

COMPRESSION RESIDUAL STRENGTH DATA SUMMARY

24-PLY, 67% 0 FIBER LAMINATE

Number of Fatigue Cycles Completed
0

Property Baseline 4,000 8,000 12,000 20,000 40,000

Average
Strength, ksi 44.4 46.0 45.3 49.2 45.3 47.8

Standard Dev. 2.8 4.2 3.0 3.3 4.3 4.9

Coefficient of
Variation % 6.3 9.2 6.6 6.8 9.4 10.2

Average Failure
Strain, in./in. 0.0054 0.0060 0.0057 0.0064 0.0057 0.0060

Coefficient of
Variation % 7.6 10.6 6.2 7.3 7.2 11.8

Average Secant
Modulus at Failure
psi x 106 8.2 7.8 7.9 7.7 8.0 8.0

Standard Dev. 0.17 0.16 0.19 0.23 0.26 0.23

Coefficient of
Variation % 2.0 2.1 2.4 3.0 3.2 2.8

Average Secant
Modulus at 30 ks
psi x 106 8.7 8.5 8.5 8.4 8.5 8.8

Standard Dev. 0.15 0.13 0.31 0.23 0.19 0.11

Coefficient of
Variation % 1.7 1.6 3.6 2.7 2.3 1.3

No. of Spec. in
Data Set 15 10 9 8 5 5

Percent Failures - 0 17 22 48 4P
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TABLE XXXI

SUMMARY OF DAMAGE MEASUREMENTS FOR 24-PLY LAMINATE SPECIMENS

Number of Fatigue Cycles Completed

Damage Dimension 4,000 8,000 12,000 20,000 40,000

2
Average Damage Area, A, in. 0.71 1.09 0.89 1.00 1.48

Standard Deviation 0.27 0.58 0.39 0.32 0.69

Coeff. of Variation % 38.10 53.40 44.30 31.60 46.70

Average Maximum Damage

Width, X, in. 1.03 1.24 1.10 1.21 1.39

Standard Deviation 0.25 0.44 0.34 0.33 0.38

Coeff. of Variation % 24.20 35.70 31.00 27.10 27.50

Average Maximum Damage
Length, Y, in. 0.96 1.22 1.11 1.18 1.23

Standard Deviation 0.12 0.32 0.16 0.15 0.48 j
Coeff. of Variation % 12.70 25.90 14.10 12.40 39.10

No. of Specimens in Data Set 23 19 18 12 12

TABLE XXXIb

Kumber of Fatigue Cycles Completed Prior to Residual Strength Testing

12,000 20,000 40,000

Range of Final ange of Final Range of Final
Initial Damage Area Failed Damage Area Failed Damage Ara Failed Damage Ara

AI, inch' ftal No. Af, Inch total N. At, inch Totalo.o A e inch

0.33 to 0.36 0 0.47 to 1.00 0 - 0.71 to 2.16
309

0.37 to 0.40 0.53 to 0.88 5 0.69 to 1.74 6 0.93

0.41 to 0.44 0.74 to 1.64 2 0.49 to 1.30 2 1.354 T

0 2 0
0.45 to 0.48 - 1.20 to 1.93 0.89 to 1.16 2.86

3

0.49 to0.61 0 1 2.50T 18
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Note: Areas of Displayed Specimens are approximatelY equal to the aver-Att
for each N value.

U

0- 0

7 I

z 64

A' 
'

U w

COUU

? 90



0 4

'E-4

z P4

'.44

0oc 0@2

- 0 4

@to

w 0o

00
1. 0

o 44

C-47

o zz

1191



specimens. Unlike the 24-ply laminate, all but one of the 115 specimens

survived the fatigue testing to the selected number of cycles. The single

failure occurred in the N interval at 14,860 cycles. Tension and com-

pression residual strength data are summarized in Tables XXXII and XXXIII.

There appears to be a very slight but insignificant increase (6% - 11%) in

tensile residual strength and a similar decrease in compressive residual

strength. Residual static properties do not appear to be affected by

fatigue cycling to 80% of the probability of survival life for this

laminate.

More consistent damage growth was displayed by the 32-ply laminate than the

24-ply which is reflected in all of the damage parameters summarized in

Table XXXIV. However as for the 24-ply case the data dispersion is large

and no apparent relationship exists between damage size as detected by the

Holscan unit and residual strength, which is evident from Figures 85 and

86. Representative holscans are presented in figures 87.

For this quasi-isotropic laminate, as for the 24-ply, damage is related to

strength to the extent that it affects the stability of the structure which

while it is stable shows no degrading effect, but once it becomes unstable,

failure is catastropic. This is discussed in greater detail in Section 9.

Typical fracture appearances of residual strength tested specimens are

displayed in Figure 88. Very little difference in the static fractures was

noticed due to the cycling from 1,000 to 25,000 cycles. However, more

delamination than in the baseline specimens was observed.
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TABLE XXXII

TENSION RESIDUAL STRENGTH DATA SUMMARY
32-PLY QUASI-ISOTROPIC LAMINATE

Nunber of Fatigue Cvc' l. s CompIetcd

Property Baseline 1,000 5,0 10,000 I L0,0)0 28,.09i0

Average Strength 40.4 42.9 44.0 44.4 43.8 45.0
ksi

Standard Dev. 1.h 1.1 2.5 2.1 1.0 1.8

Coeff. of 2.5 5.6 4.7 2.3 /4.0
Variation %

Average Failure 0.0082 0.0097 0.0094 0.0091 0.0091 (L()96
Strain, in./in.
Standard Dev. 0.0003 0.0004 0.0006 0,.0004 0.,002 ? 0.004
Coeff. ofVariation 4.2 4.3 5.9 4.6 2.3 4.2Variation %

Average Secant
Modulus at gailure 4.93 4.43 4.70 4.87 4.81 4.68

psi x 10

Standard Dev. 0.10 0.12 0.17 0.10 0.10 0.14

Coeff. ofVariaion -2.1 2.6 3.6 2.0 2.1 3.0Variation %

Average Initial
Tangent Modulus 5.10 4.87 5.14 5.12 5.10 5.03
psi x 106

Standard Dev. 0.10 0.11 0.29 0.13 0.13 0.24

Coef f. ofVariation 2.0 2.2 5.6 2.5 2.6 Z.8Variation %

No. of Spec. 1

in Data Set _ 15 10 10 10 10 10
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TABLE XXXIII

COMPRESSION RESIDUAL STRENGTH DATA SUMMARY

32-PLY.QUASI-ISOTROPIC LAMINATE

Number of Fatigue Cycles Cdmpleted

Property 0
Baseline 1,000 5,000 10,000 20,000 28,000

Average Strength 34.2 32.8 33.2 32.1 31.2 32.0

Standard Dev. 1.5 2.0 2.4 2.6 2.7 2.3

Coeff of.Variaton 4.5 5.9 7.3 8.1 8.7 7.1Variation %

Average Failure
Avrage Fair 0.0072 0.0077 0.0075 0.0073 0.0067 0.0075
Strain, in./in.

Standard Dev. 0.0004 0.0009 0.0006 0.0007 0.0004 0.0009

Coeff. ofVariation 5.3 12.2 8.4 9.2 6.2 12.5Variation %

Average Secant
Modulus at Fgilure 4.76 4.27 4.45 4.43 4.61 4.39

psi x 10

Standard Dev. 0.07 0.28 0.11 0.11 0.17 0.19

Coeff. ofVariation 1.5 6.6 2.4 2.4 3.6 4.2Variation %

Average Secant
Modulus at 20 ksi 5.05 4.80 4.80 4.78 4.94 4.77
psi x 10

6

Standard Dev. 0.07 0.12 0.12 0.12 0.12 0.11

Coeff. ofVariation 1.4 2.5 2.5 2.5 2.5 2.3Variation %

No. of Spec. 15 9 10 9 10 10
in Data Set

1 9i4



TABLE XXXIV

SUMMARY OF DAMAGE MEASUREMENTS FOR 32-PLY LAMINATE SPECIMENS

Number of Fatigue Cycles Completed

Damage Dimension 1,000 5,000 10,000 20,000 28,000

2
Average Damage Area, A, in 0.66 0.81 0.91 1.04 1.44

Standard Deviation 0.12 0.16 0.37 0.22 0.53

Covff. of Variation % 17.60 19.60 40.90 20.70 36.70

Average Maximum Damage
Width, X, in. 1.02 1.43 1.50 1.75 2.22

Standard Deviation 0.17 0.33 0.42 0.45 0.53

Coeff. of Variation % 16.90 22.90 27.80 25.9n 21.n.)

Average Maximum Damage

Length, Y, in. 0.83 0.85 0.8f 0.93 1."/

Standard Deviation 0.05 0.05 0.06 0.06 0.35

Coeff. of Variation % 5.90 5.70 7.50 6.10 33.50

No. of Specimens in Data Set 23 23 23 22 23
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NOTE: AreaR of Displayed Specimens are approximately e'qurl to the overage
for tach N xvalue.
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NOTE: Areas of Displayed Specimens are approximately equal to 
the average

for each N value.

"'- 0

I IB-13, N- 20,000

-5, N 28,000

Figure 87b: lypical Damage Characteristics of 3
2-Ply Specimens Fatigue

Cycled at + 22 ksi (+ 152 MPa) for Residual Strength
Determination
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SECTION 7

TASK III FATIGUE RESULTS

Task III was intended to be a limited test program designed to assess the

effect of different fatigue and environmental test conditions on the

residual strength and damage growth process. As a considerably scaled down

version of Task II it was to provide data which might establish the range

of validity of the analytical methodology expected to emerge from Task II.

The sample size was limited by the available funding and an interest in

examining at least three variables.

Based upon the constraints of the above objectives and limitations, the

variables selected for further examination weee specimen restraint, stress

level and temperature. The test conditions are summarized in Table XXXV.

Some of the considerations leading to this selection are presented below.

7.1 FATIGUE TEST PARAMETER SELECTION

7.1.1 Case A

The effect or the method of restraining out-of-plane buckling of a specimen

is of major concern in evaluating fatigue data for highly compression

dominated cyclic loading. Since a primary damage propagation mode is that

of delamination growth, the extent that the method of specimen buckling

support limits or restrains local oot-of-plane ply buckling would be

expected to significantly affect resulting damage growth. Consequently,

the extent of this variant component of the behavior must be defined to

allow determination of the material invariant behavior.
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TABLE XXXV
SUMMARY OF TEST CONDITIONS FOR VARIATIONS IN

FATIGUE LOADING/ENVIRONMENT

CASE A

* Task II stress ratio, R = -1

* Task II stress level, o- max, 24-ply: 35 ksi (241 MPa), 32-Ply: 22 ksi
(152 MPa)

* Task II environment, RT lab air

* New constraint condition, #2, 4 bar support (Figure 4.3)

CASE B

* Newstressratio, R = -0.3

* New stress level amax , 24-ply: 54 ksi (372 MPa), 32-ply: 34 ksi (234
MPa)

* Task II environment, RT lab air

* Task II constraint condition, #1, platen supports with window
(Figure 4.2)

CASE C

* Task II stress ratio, R = -1

* Task II stress level, 0max

* New environment, 180F (820C) dry

0 Task II constraint condition, #2
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The alternate support system selected for this study was a 4-bar (5-bay)

column buckling fixture of the type shown schematically in Figure 21 in

Section 4. The 5-bay column buckling support spacing was 1.8 inch (46mm)

between center lines, which was similar to the 2.15 inch (55mm) vertical

window of the Task II fatigue support while still providing an odd number

of bays, i.e., no support over the specimen uenter (damage area). However,

the actual spacing between the 3/8 inch (9.5 mm) bars was 1.43 inches (36

mm). This configuration of horizontal support only, freed the vertical

edges thereby permitting unimpeded growth in the horizontal direction. As

shown in Figure 89, the 4 bar (5-bay) support is stable to stresses of

approximately 30 ksi for the 32-ply damaged hole specimens and 40 ksi for

the 24-ply damaged hole specimens.

For this series of tests, the stress ratio (R -1), stress levels and

environment were retained from Task II.

7.1.2 Case B

Of the major loading variables the compressive stress component has been

recognized as having a significant effect on both notched and unnotched

fatigue behavior. Thus, the primary variable preferred for isolation in

this case was the influence of the compressive load portion of the cycle.

Tests were conducted at a stress ratio of R = -0.3 employing the same

environment, stress range (0max - -min ) and fatigue supports used in Task

II. A stress ratio of -0.3 was selected since it represented a value: 1)

typical of an important type of application, a lower wing skin; 2) that

decreased the severe compression part of the cycle; yet 3) maintained some

compression loading in the cycle since under tension-tension fatigue

loading notched specimens can exhibit very flat S-N curves and only minor

changes in residual strength. Stress levels associated with this stress

ratio, R = -0.3, were seated to provide fatigue lives in the range of 10
5

- 106 cycles. Results of other programs (9) have indicated that in the
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1 nger fatigue life region the life is dominated by stress range (o
max

- n n) rather than by maximum stress. As a result maximum stress levels

were chosen to provide the same stress range used for the Task II tests.

Maximum and minimum stresses for the 24-ply and 32-ply specimens 4ere,

respectively: (T = 54.0 ksi (372 MPa), o- m = -16.2 ksi (-112 MPa);max n

a' 34.0 ksi (234 MPa) Om : -10.2 ksi (-70 MPa).
max min

7.1.3 Case C

The role of environment, both external chemical and ther:nal operating

environment and "internal" specimen moisture level, is a complex problem

that has been under extensive study during the last 5 years. Recent test

results have indicated that interna! niisture level can have a significant

effect on fatigue life of unnotched specimens tested at elevated tempera-

ture. The effect of these variables was in the range of an order of magni-

tude decrease in life. A problem encountered in evaluating the effect or

moisture and 1;.,I -p-rature is that under normal elevated temperature condi-

tions the moisture in the specimen will evaporate with testing time, inaking

the assessment of the efreet of moisture very diffieult. Because this was

a liilted effort, intended primrilly bo ascertain the applicability of an

analytical model, a simple change introducing only one aidtional variable

was desirable which resulted in the selection of a 1800F (820C) dry

laboratory air condition, along with the stress ratio and stress levels

used in Task II.

7.2 FATIGUE AND DAMAGE GROWTH BEHAVIOR

Tree replicates per each laminate for each of the fatigie cases (A, B, or

C) were tested to discern the basic fatigue life and damage growth charac-

teristics as determined at selected intervals durt.g the life with the

Holscan unit. Fatigue life data for these conditions are pr-!sented in

Figure 90 and area damage growth results appear in Figures 91-96.
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The 4-bar cori-Lraint condition 02 employed in Case A which yielded the same

average static compression strength as for constraint #1 for both laminates

also produced fatigue lives within the scatter bnd of the Task II tests

conducted with constraint #1, the platen fatigue supports with 2.15 inch

window. Photographs of failed specimens appear in Figures 97 and 98.

Specimens failed in a buckling mode across the width accompanied by

significant delamination. The major difference between these and those

tested with constraint #1 is in the delaminated buckling failure of the

unrestrained edges.

Under the R =-0.3 Case B loading, all specimens of both laminates completed

2 million cycles without failure. Most notable was the change in damage

development, especially for the 24-ply laminate for which no growth in the

width direction was evident with extensive growth in the length direction.

Damage growth for the 32-ply laminate for R = -0.3 was also primarily in

the length direction with very slight growth in the width direction. This

change in direction from that for the R =-1 case is due to the alteration
of the stress state in the vicinity of the notch. The high axial

compressive stress for R z-1 produced localized buckling of the unsupported

region surrounding the hole which did riot occur for the R =-0.3 condition

and therefore, resulted in a change in the major growth direction.

Although the sample size was small for Case C conditions there appeared to

be an order of magnitude decrease in life due to the 180 F (820 C) tempera-

ture exposure during cycling with more rapid initial damage growth for the

24-ply laminate. The elevated temperature also appeared to have shortened

the life of the 32-ply laminate although not as severely as for the 24-ply

case. The effect of the elevated temperature on specimen fracture

appearances is evident in Figures 99 and 100 in the pronounced buckling of

the delaminated plies. The restrained edges, once again exhibited the

compression/crushing failure mode.
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BC-23 CA-6 AA-8
Nf "62,710 Nf -569,499 Nff - 21,142

T BC-23

GA-6

AA-8

Figure 97: Fracture Appearances of 24-Ply Specimens Tested in Fatigue with Constraint
#2, Case A
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EB-18
Nf - 58,005

DC-27
Nf = 238,138

145082R

~EB- 18

DC-27

145083R

Figure 98: Fracture Appearances of 32-Ply Specimens Tested in Fatigue
with Constraint #2, Case A
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AM-4
Xf - 2,060

143 171A

RD-12

NP, 2,460

170R

CA-4
N f a 100

174R

CA-A

143 172R

Figure 99: Fraetuv Appeawriece of 24-Ply Specimus Tested tu IatiLue

at 180" (32 C), case C
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~-FB-19 DC-28 EB-15
145085R Nf 5,660 Nf 72,420 Nf 50,198

I DC-28

EB- 15

145084R

Figure 100: Fracture Appearances of 32-Ply Specimens Tested in' Fatigue
at 180OF (820C), Case C
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Typical examples of damage growth characteristics for cases A, B, and C,

respectively are presented in Figures 101 - 106.

7.3 RESIDUAL STRENGTH RESULTS

Baz- upon the above limited fatigue life distribution data, three cyclic N

values were selected and six replicates per laminate per condition (A, B,

or C) were then fatigue cycled to this N level after which three were

tested in static tension and three in compression. Residual strength

results are presented in Table XXXVI and summarized in Table XXXVII.

Typical examples of damage sizes are given in Appendix E.

For Case A, both the tension and compression residual strengths increased

slightly over the baseline values for the 24-ply laminate but remained

essentially unchanged for the 32-ply laminate. The longitudinal damage

growth in the 24-ply laminate induced by the Case B, R = -0.3 loading

reduced the jotch acuity significantly resulting in considerable increase

in tensile residual strength with increasing numbers of cycles completed

and little change in compression residual strength. Similarly, the reduced

notch acuity in the 32-ply laminate resulting from the Case B loading

produced a comparable increase in tension residual strength with perhaps a

very slight reduction in compression strength. Despite the severity of its

effect under fatigue loading, residual strength values of specimens which

survived the 180°F (82°C) cycling were not adversely affected.

Representative failed specimens are displayed in Figures 107 - 110. Note

the more extensive delamination exhibited by specimens previously fatigue

cycled at R =-0.3.
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TABLE XXXVII
Rt hII'AL 5IFRENGTH D.TA St'?OlAtY

2)4-Ply

AVERAGE AVERAGE
NO. OF TENSION COMPRESSION

TEST CYCLES SPNAHSTRgNGTHIVARIABLE COMPLETED

A. 4,000 80.5 49.0
4-BAR 8,000 78,2 52.7
SUPPORT 12,000 79,1 53.7

B, 4,000 81,9 50.6
40,000 94,9 47.2

R - -0.3 250,000 99.9 50.2

2 x 106 110.3 --

C. 50 76,4 47.4

180OF 300 73.6 45.8
1,000 76,8 49.8

BASELINE 0 70,8 46.5

32-Ply

AVERAGE AVERAGE
NO, OF TENSION COMPRESSION

TEST CYCLES SJREN TH STRENGTH
VARIABLE COMPLETED SKSI) (KSI)

A. 1,000 40.1 34.6
4-BAR 10,000 42,3 34.6
SUPPORT 20,000 44.9 33.9

B. 20,000 49,5 34.6
250,000 54,3 29.9

R - -0.3 106 53.3 29,0

2 x 10' 57,4 --

C. 1,000 41.2 35.6
180°F 4,000 43.9 32.6

8,000 42.9 32,6

BASELINE 0 40.0 35.7
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N I x 10 6

N = 2 x 106

Figure 102b: Damage Growth Characteristics of the 24-ply Laminate for
Fatigue Conditiog B, R -- 0.3 (Table XXXV) (Specimen BC-24
completed 2 x 10 without failure)
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N =5,000

N =10,000

Figure 1041): Damage Growth Characteristics of the 32-ply Laminate for
Fatigue Condition A, 4-Bar Support (Table xXXV) (Specimen
FA-8, N f.48,789)
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N =2 x 10 6

Figure 105b: Damuage Growth Characteristics of the 32-ply Laminate for
Fatigue Condition B, R - -0.3 (Table XXXV) (Specimen FC-30
completed 2 x 106 without failure)
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N~ 0

N =5,000

Figure 106a: Daage Growth Characteristics of the 32-ply Laminate for
Fatigue Condition C, 180 0F (82 0C) (Table XXXV) (Speclmen EB-15,
N f 50,198
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N=100

N 1 0,000

Figure 106b: Damage Growth Characteristics of the 32-ply Lamin~ate for
Fatigue Condition C, 180 0 F(820C) (Table xxxv)(Specimen
EB-15, N f 50,198)
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I-

144 198

BB-ll AB-I BB-16
Case A: 4 Bar Case B: R --0.3 Case C: 1800F (82°C)

N = 12;000 N = 2 x 106 N = 1,000

- BB-11

AB-11

- BB-16

144 201

Figure 107: Typical Residual Tension Fracture Appearances for 24-Ply
Laminate Specimens Tested Under Fatigue Condition A, B, or
C of Table xXV.
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iI

144 199

AC-31 CB-11 CB-1B 0
Case A: 4 Bar Case B: R -0.3 Case C: 180 V (82 C)

N 12,000 N 250,000 N - 1,000

AC-31

CB-11

CB-18

144 203

Figure 108: Typical Residual Compression Fracture Appearances for 24-Ply Laminate

Specimens Tested Under Fatigue Conditions A, B, or C of Table XXXV.
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144 193

DC-31 EB-20 DA-10
Case B: Case A: Case C:
R --0.3 4 Bar 180 0 F(820 C

N =2x 10 6  N -20,000 N -8,000

DC-31

EB-20

DA- 10

144 204

Figure 109: TVDical Residual Tension Fracture Appearances for 32-Ply
Laminate Specimens Tested Under Fatigue Conditions A, B,

or C of Table xxxV.
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FA-2 EA-9 EA-5
Case A: Case B: Case C:
4 Bar R -- 0.3 180 0F (82'C)

N = 20,000 N = 250,000 N = 8,000

___________EA-9

3 EA-5

h: Typical Residual Compression Fracture Appearances for 32-Ply Laminate
Specimens Tested Under Fatigue Conditions A. B, or C of Table XXXV.
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SECTION 8

DAMAGE CHARACTERIZATION

In order to determine how accurately damage recorded by the Holscan

ultrasonic unit corresponded to damage actually present in the specimens,

destructive examination of selected specimens was undertaken as part of

Task II.

Of the triplicate specimens of each laminate fatigued to each of the five

cycle intervals, one of each group was metal1ographically sectioned

longitudinally (parallel to the 00 fiber) in 0.1 inch increments through

the damage region and examined by optical microscopy to ascertain: 1) the

delamination location and extent; 2) matrix cracking; and 3) 00 fiber

breakage. The second specimen underwent a deplying burn-out procedure to

remove the matrix material and separate plies. Each ply was examined for

damage zone characteristics which were marked by the metallic residue which

had been infused prior to the burn out. An attempt was made to section the

third specimen in layers parallel to the surface using a microtome. This

technique has been successful for the determination of through-the-thick-
(10)ness moisture distributions . However, for the latter purpose samples

were sectioned between two similarly oriented plies. Attempts to slice

between plies of different orientations resulted in splintering and fiber

losses. Also, since the delaminations existed at multiple levels and were

not continuous along any one ply interface, the knife blade tended to slice

through several layers, obliterating any damage which may have been present

originally. Therefore, no results are reported for this method. This test

method was replaced with DIB enhanced radiography of the deply specimens

prior to burn-out.
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Procedures are detailed in Section 4. Additional data are available in

Volume III, Appendixes G, H, and I.

8.1 METALLOGRAPHIC EXAMINATION

The damage region as recorded by the Holscan and the locattons at

whichB-scans were recorded for specimen DB-19 after 12,000 fatigue cycles

are shown in Figure 111. Metallographic sections were taken near locations

1 and 2 and are shown compared to the B-scans in Figures 112 and 113.

Location of the damage through the thickness appears to be indicated quite

well by the Holscan equipment. Moreover, a comparison of the damage

measurements obtained from the two techniques (Table XXXVIII) also indica-

tes that the actual delamination length present in the specimens is not

significantly different from that recorded by the Holscan unit. In

addition, DIB penetrant enhanced x-ray tehcniques were also employed and

compared to the Holscan C-scan records. Typical examples are presented in

Figures 114 - 116 indicating good agreement between these two methods.

Note in these prints of radiographs that no delaminations or matrix

cracking are evident away from the damage region. In fact, enhanced

radiographs were made of the entire specimen and no edge delamination or

cracking were observed other than that confined to the region surrounding

the hole, which was also confirmed by the micrographs.

8.2 EXAMINATION BY BURN-OUT AND DEPLYING

This procedure permitted the evaluation of all plies except those laid up

as parallel layers of like orientation. Thus, only 17 laminae were separa-

ted for 24-ply samples and 25 laminae for 32-ply samples. Plies which

contained damage in the specimens examined are listed in Table XXXIX. The

number of plies containing damage generally increased as the number of

cycles completed increased. Damage extent within each ply appearing as

light regions marked by the dye is evident for the two specimens fatigue
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CUMULATIVE B-SCAN

SPEC: BB-19 N3 = 12,000 CYCLES

Figure III: Damage as Recorded by Holsc..n indicating Locations at Which
B-scans Were Obtained.
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TABLE XXXIX
PLIES CONTAINING DAMAGE IN DEPLIED

24 AND 32-PLY SPECIMENS

SPECIMEN TOTAL NO. OF DAMAGED
LAMINATE TYPE NO. LAMINAE LAMINAE N CYCLES

24-PLY

67%, 0°, IA-5 17 1-4, 11-17 N1 4K
33% +450 FA-6 17 1-3, 10-17 N2 8K

HA-8 17 1-5, 13-17 N3 12K

GC-23 17 1-5, 12-17 N4 20K

BB-15 17 1 thru 17 N5 40K
r5

32-PLY QA-4 25 1-10, 14, 24 N1 1K

QUASI- SC-22 25 1/8, 17-24 N2 5K

ISOTROPIC PC-21 25 1-4, 21-24 N3 10K

JB-14 25 1-9, 14-24 N4 20K

SC-31 25 1 thru 25 N5 28K
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cycled to N5 presented in Figures 117 and 118 for the 24--ply and 32-ply

specimens, respectively. Note the differences in the direction and extent

of damage on the various layers which undoubtedly contributed to the large

scatter in damage size when measured for a projected area. By careful

examination the shape of the delaminations on individual layers can be

discerned in the photos of Figures 119 and 120 which display the

delamination zone as determined by Holscan and enhanced radiography.

Agreement between damage determined by this deply technique and the x-ray

photographs is quite good.
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PLY 1,0PLIES 3 & 4, 0o

PLY 2, 45 0

PLIES 6 & 7, 0PY,45

PLYY 8, 450

PLIES 9 & 10, 0 0 PLY 11 0 0 PLIES 12 &13. 0O

Figure 117a: Deplied 24-Ply Specimen BB-15 After 40,000 Fatigue Cycles
(Plies 1 - 13)
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PLY 17, 45 0 PLIES 18 & 1q, 00

Figure 117b: Deplied 24-Ply Specimen BB-15 After 40,000f Fatigue~ CN-cles
(Plies 14 - 19)
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PLY 20 -45 0PLIES 21 & 22, 0 0

PLY 23, 45 0 PLY 24, 0 0

Figure 117c: Deplied 24-Ply Specimen BB-15 After 40,000 Ftigue Cycles

(Plies 20 - 24)

250



1PLY 1, 00 2 4

?I, 3 0 .  
PLIES 4 & 5,"-45 0

PLY 3,9 PLIES 4 &5.4

PLY 6, 90 LY 7, 45s

Figure 118a: Deploed 32-Ply SpecivAm SC-31 After 28,000 Fatigue Cycles
(Plies I - 7)
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PLIE1S 8 &9, 0 0 PLY 10, 45 0 PLY 11, 90 0

PLIES 12 &13, -5.LY14, 900d 1540

PLIES 16 &17, 00 PLY 18, 450 PLY 19, 900

Figure '118b: Deplied 32-Ply Specimen SC-31 After 28,000 Fatigue Cycles

(Plies a8 19)
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PLIES 20 & 21, -45 PLY 22, 90°

PLY 23, 450 PLIES 24 & 25, 00

PLY 26, 450 PLY 27, 900

Figure ll8c:Deplied 32-Ply Specimen SC-31 After 28,000 Fatigue Cycles

(Plies 20 - 27)
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SECTION 9

ANALYSIS OF RESULTS

Throughout this program emphasis was placed upon obtaining mechanical data,

residual strength and stiffness, and upon documentation of correlative

data, damage state and cycles to failure. These data were collected in a

manner which would permit the development of relationships between the

mechanical data and the associated correlative data. One purpose of

collecting the data was to meet the desire of the Air Force to develop a

quantitative, mathematical model to predict residual strength degradation

based upon knowledge of damage state and also to predict the growth of that

damage and the associated remaining fatigue life. This section addresses

that desire.

9.1 DATA ASSESSMENT

The results of this program, presented In previous sections, clearly show

for the specimen geometry, laminate types anad damage condition evaluated

that, under both monotonic tension or compression load, residual strength

remained unchanged or increased, sometimes significantly, as the number of

fatigue cycles completed increased. Despite the limitations of measurement

procedure employed, the evidence is strong that stiffness of the overall

composite coupons did not significantly change prior to failure under

fatigue load. Further, the characteristics of the damage region which were

measured were not found to correlate to eesidual strength or to be directly

indicative of remaining fatigue life. These observations require

explanation.

A possible reason for the lack of correlation between observed damage and
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mechanical properties is that some of the damage was not detected. There

are three principle types of damage which can occur within these laminated

composites: intraply matrix cracking; interply matrix delamination, and

fiber breakage. Other types of damage simply consist of changes in exent

or load at which the three principle types of damage occur except,

possibly, for creep within the matrix which is not of importance in the

temperature range examined here.

During the fatigue testing of these notched coupons, the maximum load was

necessarily restricted to approximately 20% and 30% of the respective 24

and 32-ply laminate undamaged tensile strengths. These loads are at a

level that no significant matrix cracking could occur away from the notch

region and edge delamination could not develop. Lack of these types of

damage was verified by x-ray and photomicrographs of coupon cross sections.

These facts combined with the experimental observation that failures

occurred through the notch means that only damage around the hole is of

interest. However, as shown in Section 8, the extent and location of

matrix delamination around the hole was accurately documented. Thus, any

improvement in correlation between mechanical data and correlative data

must center upon matrix cracking and fiber fracture and/or buckling in the

region of the notch.

Intraply matrix cracking was found by photomicrographs to be prevalent only

in the near vicinity of the hole, as expected. Matrix cracking, however,

does not directly lead to coupon fracture but, instead, results in changes

in ply constraint and transfer of load to plies oriented in a load

direction. Failure of these coupons under fatigue or monotonic compression

loading is due to local buckling instability which is dependent on

delamination state and extent of load transfer due to matrix cracking.

Delamination extent and location are related to local buckling instability,

but not directly because of internal ply and external geometric

constraints. Failure under monotonic tension load is also related to
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matrix cracking and delamination state, but again not directly. Fracture

in this case is due to fiber breakage which occurs only near failure.

Successful correlation of damage state to strength, stiffness, and fatigue

life thus requires relating the interactional effects of matrix

microcracking and delamination as well as accounting for ply and geometric

constraints and probability distributions of fiber breakage or fiber bundle

buckling instability. The mechanics of fracture in these notched coupons

will be described in more detail as an aid to understanding the

experimental results.

9.1.1 Hechanics of Fracture in Notched Coupons

Consideration of the mechanics of coupon fracture for notched coupons

reveals many similarities to that which occurs in the unnotched case and

yet significant differences exist. The principal manifestation of internal

material changes remain, namely; matrix cracking, delamination, and fiber
breakage. However, in the case of a coupon with a center hole, as in this

program, the maximum tensile stress remote from the hole never exceeds

about 50% of the unnotched strength for holes of realistic sizes (greater

than approximately ten percent of the coupon width). This stress

limitation results from the notch acuity effect . Maximum fatigue
loads are thus always less than 50% of the unnotched tensile strength. As

a consequence, matrix cracking and edge delamination are usually limited or

non-existent remote from the hole. Thus damage develops primarily in the

hole region In the manner described in Sections 6.2 and 7.2. No

significant changes in xtiffness can occur remote from the hole since
matrix cracks, required for displacement changes under constant amplitude

fatigue load, are limited in number.

At the hole, matrix cracking and delamination occur and concentrate at

first in the high stress regions on either side. If there is a compression

load excursion in the fatigue cycle, out-of-plane buckling of the
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delaminated plies can eventuate resulting in growth of the delamination

region perpendicular to the load as observed in the R = -1.0 experiments of

this program. Delamination in each ply, however, grows in a direction

influenced by the ply orientation. If the compression load excursion is

not high enough for significant out-of-plane buckling to occur,

delamination can extend parallel to the load direction as in the R = -0.3

tests. In either case, notch acuity is decreased due to the redistribution

of stress as the delamination region grows. Reduction in notch acuity

typically results in an increase in monotonic residual strength,(9 , 12) as

observed and discussed in Section 6.3 and 7.3, which may be dramatic if the

delamination region grows parallel to the load direction as in the R = -0.3

experiments. The fracture event under tensile loading in these notched

coupons is due, as in the unnotched case, to the breakage of a small number

of fibers in a statistically critical location of weak fibers. Such fiber

breakage appears to occur only near the failure event (13, 14)

The mechanics of the damage process in these notched laminated composites

dictates the types of possible correlations that can be found. Stiffness,

for example, can not, in general, be a practical measure of damage. As

mentioned, stiffness remote from the hole remains unchanged as damage

grows. The initial stiffness measured across the hole is lower than the

remote stiffness because of the high strains on either side of the notch.

As the delaminations around the hole grow, stiffness measured across the

hole would, if it changed, increase since the strains on either side can

somewhat decrease as loads are redistributed. Thus stiffness measured near

the hole can not correlate well to remaining fatigue life while stiffness

measured over a large gage length which includes the hole remains

essentially unchanged except just prior to the fracture event. The latter

result was experimentally observed in this program as documented in Section
(14)

6.3. The lack of stiffness change has also been verified by Whitcomb

who recorded slight changes (<5%) in the stiffnesses of a few coupons under

residual tensile loading, but the changes were increases as expected from
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this discussion. Coupons loaded in residual compression also revealed no

stiffness change except in a few cases where stiffness decreased due to

local buckling.

(1i4) (15)
Whitcomb . as well as Ratwani ( has verified that delamination

growth is primarily due to high interlaminar shear stress and can occur

even in the presence of a compressive stress. Importantly, Whitcomb also

confirmed the lack of fiber breakage around the hole up to at least 80% of

the notched tensile strength despite the development of extensive

delamination.

A correlation for these notched coupons between damage defined as interply

matrix cracking (delamination) and such properties as fatigue life and

residual strength is not feasible. Matrix cracking begins to saturate as
delamination occurs in the adjacent interply region (16, 17, 18) and thus

the number of matrix cracks cannot be directly related to fatigue life or

residual strength. Fiber breakage or instability also cannot be used as a

convenient measure of damage in any general sense because such events

principally occur at or near the failure event. Because of inherent

difficulties of using stiffness, matrix cracking, or fiber

breakage/buckling as measures of damage in these notched coupons,

delamination was used as a measure of damage. This program has

demonstrated such a measure of damage does not correlate, in the usual

sense, with residual strength or stiffness, because these properties either

increased or remained unchanged, and only indirectly correlates with

fatigue life. The question naturally follows from this discussion as to

what is actually meant by the word damage.

9.1.2 Assessment of Damage

In actual practice, damage is the term applied when a material changes in a

manner which we do not like. Thus, marks left by rubbing on a fine piece
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of furniture or a tire that goes flat on a bicycle are both termed damage.

These two examples, while illustrating the difference between cosmetic and

structural damage, demonstrate the principle that these are material con-

ditions we do not like. In contrast, defective is a term applied when the

original material state is one which is not desired.

In this program, primary focus is on the evaluation of damage and the

correlation of that damage with mechanical property data for notched

laminated graphite/epoxy composites. The effect of damage is traditionally

measured in terms of stiffness change, residual strength degradation, or

amount of remaining fatigue life. However, in this study such traditional

measures were demonstrated not to correlate with damage if it is quantified

by delamination growth. Further other measurements such as intraply matrix

cracking or extent of fiber breakage or buckling can be seen to be

unrealistic in any practical sense. Hence, the question arises as to

whether the delamination which occurs at the notch can be called damage.

Clearly, the existence of the delamination meets our definition of cosmetic

damage. However, the material change as measured by delamination does not

necessarily constitute structural damage. The delamination/hole region can

only be termed structural damage in the sense that as the delaminated area

increases, the probability of failure increases and that fracture/failure

will occur in the delaminated area. However, in relation to residual

strength or stiffness, delamination does not constitute damage until the

actual failure event. The reason for this situation is simply that the

damage region is not a self similar, crack like defeat such as occurs in

metals. The damage region instead acts like a macrosize inelastic field

much like a yield zone in metals. Thus, the delaminated region is damage

just as a yield zone can be labeled damage. However, the situation is

different than that occurring in a metal in that little or no general

stiffness change remote from, but including the damage region, is

associated with the inelastic region.
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9.2 ANALYSIS/CORRELATIVE METHODOLOGY

This program was conducted with the intention of supporting the structural

integrity policy of the Air Force which requires that a structure have a

minimum residual strength at the end of a specified period of service

usage. In order to meet this overall objective, the residual strength of

the strucutre could conceivably be related to the service induced damage if

any eventuates. If such a relationship is not developed, durability

requirements could alternatively be met by tracking damage accumulation

through changes in residual strength. Procedures which attempt to track

damage in this manner are variously known as forms of wear-out models.

They have the disadvantage that each laminate and structural geometry

combination must be independently evaluated and they thus require extensive

data accumulation. A direct relationship between damage and residual

strength in theory avoids the necessity of obtaining as much data, but

requires instead the development of accurate non-destructive examination

procedures capable of detecting and monitoring damage growth. This

subsection analyzes the question of using the data obtained in this program

for developing a general relationship between damage and residual strength.

The relationship of the data to wear-out models will be considered first

and that between residual strength and damage second.

There are a number of statistically formulated procedures found in the

technical literature (19-24)designed to monitor damage accumulation by

tracking changes in residual strength. Some of these procedures are known

as wear-out models. The wear-out model concept was developed because of

the perceived need to relate residual strength to damage state. At the

time of the inception of this program, this approach was the only available

one and to a great extent this remains true today. For this reason, the

applicability of the models for correlating the data of this program was

analyzed. In the analysis discussion of this subsection all of the various
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statistically formulated procedures will be considered to be wear-out

models since they are all fundamentally but slightly different numerical

formulations of the same idea.

(24)

As originally proposed , the mathematics and statistics of the model

were derived from physical principles based on the assumption that the

damage which developed during loading could be considered as fracture

mechanics type defects. This assumption led to a deterministic set of

equations for relating residual strength and fatigue life distributions

which required statistical formulation. The deterministically derived

model is, however, quite inadequate for correlating the data of this

program because the model implicitly assumes that notch acuity increases as

damage grows and thus that residual strength always decreases. The data of

this program clearly show the inadequacy of the original physical

assumption because residual strength either did not change or, instead,

increased since the notch acuity decreased.

Other types of wear-out approaches were formulated with a recognition of
(19-2 3)

the difficulties of a deterministically based approach . Instead

these approaches assume that if the statistical distributions of the

monotonic strength and fatigue populations can be formulated, the physics

of the failure process can be deduced. This approach was undertaken

because the failure modes of composites are often believed to be

considerably more complex than those of metals (23). The derivation of the

general statistically formulated wear-out model has been put on a rigorous
(23)

basis by Hahn ( In this procedure, the mathematical description is

derived in a manner analogous to the failure process description often
(22)

derived for metals. Yang and Jones have shown how all of the various

mathematical approaches are related. The analytical appproaches were found

to differ only in their choice of the numerical values for the mathematical

exponents which, in turn, were selected based upon the expected form of the

relationships among the variables. In addition, and equally important,
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Yang and Jones (22)showed that the final formulation derived by Halpin (24)

from physical assumptions is a variation of those obtained using an

approach which begins by mathematically representing the failure

distributions followed by inferring the physical mechanics.

The reason for the similarity in the final formulations of the various

approaches was found (7,9) to be due to the fact that all such statistical

formulations make (whether explicitly or implicitly,) the same basic

assumptions. The explicit assumptions are that: 1) The distribution of

observed phenomena can be represented by an exponential equation (this is

usually chosen as a two parameter Weibull equation); 2) change in strength

can be represented by a power law; 3) fatigue life and global stress are

related by a power law; 4) there is a one-to-one relationship between

residual strength and fatigue life. There are also two implicit physical

assumptions. The first, is that the damage state at failure of a coupon

under monotonic load without prior fatigue loading is assumed to be of the

same type as that which eventuates under fatigue load. Mathematically this

assumption is known as path independence. Second, notch acuity is assumed

to increase, and thus residual strength decrease, as fatigue life increa-
(9)

ses. These two implicit assumptions are the same as the explicit

assumptions made in the physically based approach.

The applicability of statistically based wear-out models is naturally

dependent upon the accuracy of the assumptions. The assumption of load

path independence, is apparently not true in any general sense. The

results of this and other investigations (7,9) show that the coupon damage

state just prior to fracture during a monotonic load residual strength test

is not necessarily the same as the state which develops just prior to

failure under fatigue load. At best, therefore, the fourth explicit

assumption, that of one-to-one relationship between residual strength and

fatigue life is not true. The second implicit assumption, residual

strength degrades as fatigue cycles increase, is also not generally true.
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Most of the data obtained in this program show no change in residual

strength with either fatigue cycles or damage extent. This lack of any

significantly measurable change occurs despite the fact the coupons fail

under fatigue loading. The remaining data displayed an increase, not a

decrease in residual strength as fatigue life increased. This latter

result is not uncommon (9,12).

This analysis of wear-out type models and the residual strength data

obtained in this and other research programs (7,9,12,25) was used to reach

the conclusion that wear-out models are inadequate to represent changes in

residual strength for practical applications. The reason for the

conclusion is the same regardless of the approach used to derive the

mathematical representation. In either case, the results of the

experiments were used to infer that the two physical assumptions made,

explicitly or implicity, in all approaches are incorrect. Therefore, no

attempt was made to mathematically quantify the parameters of any of the

various wear-out models using the data obtained in this program. The

analysis of such models as discussed in this program dictates that such a

quantification is meaningless since residual strength either did not change

or increased.

9.2.1 Methodology for Relating Damage to Residual Strength and Fatigue Life

Having analyzed the applicability of wear-out type models to represent the i
residual strength data and shown their inadequacy, the question of

developing a different methodology for relating residual strength to damage

can be considered. There are two different relations, among the pertinent

variables, to model. The first, relating damage to residual strength, is

a monotonic load cycle problem requiring one failure criterion, while the

second, relating damage to remaining fatigue cycles, is a dynamic problem

and requires a different failure criterion. The methodology for developing

the relationships can be either empirically based or be one of a more

266



purely mathematical physical representation. The potential of each

methodological approach for modeling the relationship between damage and

residual strength or fatigue life will be discussed.

All empirical approaches are obtained by curve fitting a mathematical

expression to experimentally obtained damage, residual strength, and life

data. Such fits qre inherently of little value for any other laminate,

geometric configuration, or loading condition without a suitable transfer

function. These functions allow differences in experimental results for

different conditions to be related in such a manner that the curve fit for

one data set is accurately adjusted for another. For isotropic materials

there are two such transfer functions: The notch acuity concept, normally

used for low cycle fatigue, and the stress intensity concept often used for

high cycle fatigue. Both of these transfer functions work to a limited

extent because of the isotropic nature of the materials for which they are

used. For anisotropic materials, such concepts as notch acuity and stress

intensity factor can not work as transfer functions in the same manner that

they are used for metals unless the damage zone is large compared to the

scale of the plies. This is not to say that fracture mechanics, for

instance, can not be used as a tool for analyzing composites, but only that

it provides an inadequate laminate/geometry load transfer function.

There are, therefore, two reasons why an empirically based methodology for

relating damage to residual strength or fatigue life could not be, and, was

not performed in this program. The first is that data for one set of test

conditions are not directly related to those obtained for another. In

order to relate the data suitable transfer functions are required. These

transfer functions are not available for laminated composites and will pro-

bably not be of the same type as presently used for isotropic materials.

Second, the residual strength test results obtained in this program eviden-

ced either no change in strength due to fatigue loading or an increase.

These two facts left one with the possibility of developing only a
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mathematical/theoretical methodology based on physical principles concern-

ing the nature of the damage accumulation process.

The development of a detailed theoretically based methodology for relating

damage to residual strength or to remaining fatigue life is a formidable

task. Such an approach requires refinement of the few presently available

techniques and probably the creation of entirely new ones. A quantitative

representation of the geometry, loading and plies is needed. This is met

to some extent by a few finite element representations of laminates. The

model must be capable of quantitatively anticipating both matrix cracking

and matrix delamination. This requires a dynamic model which can not only

anticipate matrix cracking onset and saturation levels, but which also can

anticipate the sequence of events which accompanies either monotonic load

increase or fatigue cycling. Representations of fiber bundle instability

and local buckling instabilities are needed for compression load and of

fiber bundle fracture for tension load. All of this requires detailed

modeling of the sequence of events which constitute damage accumulation.

Only the barest bits and pieces of this formidable task of modeling have

been explored. The dynamic portion, requiring experimentally obtained rate

data, probably in terms of strain energy, G, has only recently been

evaluated (26) and is not generally available.

The necessary data to support such theoretical/physical development were

not obtained in this program. The degree of sophistication required for

this type of model is considerably beyond, in terms of time and money, that

anticipated at the inception of this program. Therefore no attempt was

made to formulate such a model; in fact, the program was not structured in

a manner which would allow its development. Instead, the program was

designed to obtain a large statistical strength and fatigue life data base.

hopefully for use in model development, rather than to detail micromechan-

ical phenomena.
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SECTION 10

SUMMARY AND CONCLUSIONS

This section summarizes the experimental observations and conclusions which

issued from the Task II and III efforts. Statements concerning experimen-

tal results are in reference to relatively narrow coupons containing a
0

poorly drilled hole for the two laminate types (quasi-isotropic and 67%-0 ° )

evaluated in this research program. Numbers in parentheses at the end of

each item reference the particular subsection of the report wherein

additional information or support for the statement can be located.

INTRODUCTION

0 The logic for the design of the experimental program followed

directly from the desired goal of developing a methodology for

predicting the residual strength and its rate of change as a

function of fatigue loading and damage size.

o The overall objectives were aimed at determining whether observed

changes in the material due to fatigue loading relate to the

mechanical response in a quantifiable manner; determing the ex-

tent and range of the relationship; indicating the direction for

design and formulation of structural integrity requirements.

o Progr-,a was composed of three major phases:

- Task I - preliminary screening
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Task II - damage growth and residual strength degradation

prediction

Task III - effect of fatigue loading/environment

perturbations

o This report documents the work conducted in Tasks II and III and ,

summarizes the Task I results (1.2).

o A detailed discussion of the rationale for selection of material,

specimen de~' n ai,1 damage type, description of the specimen

randomization nrocedure and outlines of the test matrices for

Tasks II tNd ill are presented in Section 2.

" Laminates evaluated in this study were a 24-ply 67%-0° fiber

laminate and a 32-ply quasi-isotropic laminate having the

following stacking sequences, respectively:

- (0/45/02/-45/02/45/02/-45/0)s

- (0/45/90/-452/90/45/0)2s

o Specimens were 3" x 14R (76m x 356mm) with a 9-inch (229mm) test

section and contained a centered poorly drilled 3/8 inch (10mm)

hole (2.1).

MATERIAL CHARACTERIZATION

o The selected material Narmco T300/5208 conformed to all require-

ments of the Quality Control Plan (3.1).

o Resin content of batch used for Tasks II and III was comparable
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to that for Task 1, however fiber strength was 7.5% higher (3.1).

0 Average manufactured panel properties were: Resin Wt. % = 27.9,

fiber vol. % = 65, void content << 1%, density = 1.577 (3.2).

STATIC LOADING RESULTS

o Extensometer data were obtained for the QC specimens but load vs.

stroke data were recorded for the primary 3" (76mm) wide coupons.

Section 5 presents a discussion of the validity of these data.

0 The Task II and III 24-ply QC specimens had a higher average

strength than those of Task I due to the higher fiber strength of

the material batch used for Task II and III (5.1).

0 For the 32-ply QC specimens results from all three tasks were

within + 10%. No effect of the higher fiber strength was evident

(5.1).

o Tension stress-strain records for the damaged laminates differed

from those obtained for the undamaged QC specimens for the 24-ply

laminates but were similar for the 32-ply specimens (5.2, 5.3).

o For the 24-ply laminate, damaged tension strength decreased over

50% from the undamaged. An additional 40% drop from the damaged

tension results was observed for the damaged compression

specimens (5.2).

o The effect of the higher fiber strength evident in the unnotched

Task II 24-ply data nearly disappeared for the damaged

compression case (5.2, 5.7).

271



0 Damaged tension strength of the 32-ply laminates decreased by 50%

from the undamaged with an additional reduction of 15% for

compression loading (5.3).

o Decreases in tension and compression strength on the order of 10

to 15% were observed for the damaged 24-ply laminate at the

higher strain rate (5.2).

o The higher strain rate produced a decrease of approximately 14%

in the compression strength of the damaged 32-ply laminate while

the tension strength remained unaffected (5.3).

o Damage growth studies under static loading revealed no signifi-

cant change in the final failure properties as compared to base-

line tests for either laminate. However, some damage growth

occurred in the 24-ply specimens at sress levels above 56 ksi

(386 MPa) in tension and 34 ksi (234 MPa) compression. Damage

growth in 32-ply specimens was observed above 34 ksi (234 MPa) in

tension and 25 ksi (172 MPa) compression(5.4).

0 Elevated temperature produced an increase in tensile strength of

the damaged laminates due to a reduction in notch acuity while

compressive strength decreased due to the greater propensity

towards buckling (5.5).

o High strain rates at elevated temperatures either did not affect

the strength or produced a slight drop (5.5).

o For both undamaged laminates, compression strength increased at

the higher strain rate while tension strength was unaffected for

the 32-ply laminate and reduced for the 24-ply laminates (5.6).
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o Population sample sizes of 10 or less for some static tests were

too small to accurately represent the actual distribution

functions (5.7). This was especially true for the high strain

rate tests where the sample size was five (5.2, 5.3).

FATIGUE LOADING RESULTS

0 Under R =-1 fatigue loading data dispersion was over 2.5 orders

of magnitude for the 24-ply specimens and slightly more than one

order of magnitude for the 32-ply specimens (6.1. 6.3).

0 The 20 specimen sample size was not adequate for accurately

representing the 24-ply fatigue life distribution (6.3).

o Failures occurred during the compressive load excursion due to

instability (6.2).

o Delamination extension for R =-1 occurred almost entirely in the

width X) direction for the 32-ply laminate but in both direct-

ions for the 24-ply laminate although the major growth was also

in the X direction (6.2).

o Considerable dispersion was evident in the damage growth data for

both laminates. Except for the scatter, the general shapes of

the damage vs. N curves were similar to a vs. N curves obtained

for metals(6.2).

o No direct relationship between damage size and life was evident
for either laminate except for a generally higher probability of

failure as damage grows(6.2).

o The 4-bar constraint condition produced fatigue lives within the
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scatter band of the data obtained with the platen supports (7.2).

o Under R =-0.3 loading all specimens of both laminates completed 2

million cycles without failure.

o Damage development under the R z-0.3 condition differed signifi-

cantly from the R =-1 case (7.2).

- For the 24-ply laminate no growth in the width direction was

evident but extensive growth occurred in the length

direction.

- For the 32-ply laminate primary growth was also in the

length direction accompanied by slight growth in the width

direction.

- Change in direction was due to an alteration of the stress

state in the vicinity of the notch.

o There appeared to be an order of magnitude decrease in life due

to the 180 F (82°C) temperature exposure during cycling for the

24-ply laminate (7.2).

o The elevated temperature shortened the life of the 32-ply

laminate but not as severely (7.2).

RESIDUAL STRENGTH RESULTS

o After R :-1 cycling of the 24-ply laminate tensile residual

strengths increased as the number of cycles completed increased,

as much as 17% after 40,000 cycles. The increase was due both to

a screening effect and reduction in notch acuity (6.3).
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" There was no decrease in compression residual strength for the

24-ply laminate after R =-1 loading (6.3).

o Residual static properties of the 32-ply laminate were essenti-

ally unaffected by R =-1 fatigue cycling up to P.80 (6.3).

o No relationship !tween damage size and residual strength was

evident (6.3).

o R =-0.3 loading reduced the notch acuity significantly resulting

in considerable increase in tensile residual strength with

increasing number of cycles completed and little change in

compression residual strength for both laminates (7.3).

" Despite the severity of the elevated temperature cycling,

residual strengths of specimens which survived the cycling were

not adversely affected (7.3).

DAMAGE CHARACTERIZATION

0 Holscan determined damage sizes compared well with results ob-

tained by metallography and DIB enhanced x-ray (8.1).

o No cracking or delamination away from the damage region surround-

ing the hole was observed (8.1).

o Use of a burn-out (deply) technique revealed that the number of

plies containing damage increased as the number of cycles com-

pleted increased (8.2).

o The deply method also indicated that delamination differed in

extent and direction on different layers (8.2).
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ANALYSIS OF RESULTS

o Failure under fatigue or monotonic compression loading is due to

local buckling instability (9).

" Delamination extent and location are not directly related to

local buckling instability because of internal ply and external

geometric constraints (9).

o Successful correlation of damage state to strength, stiffness and

fatigue life requires relating of the interactional effects of

matrix microcracking to delamination as well as accounting for

ply and geometric constraints and probability distributions of

fiber bundle buckling instability (9).

" The delamination damage region does not behave like a self

similar, crack-like defect acting instead like a macrosize

inelastic field much like a yield zone (9.1).

" Wear-out models which involve the implicit assumrnAon tY<

residual strength will decrease with fatigue cyc --g are not

applicable to the data (9.2)

- Residual strength remained unchanged or increased, at times

significantly.

- Coupons failed in fatigue (in some cases as many as 50%)

while remaining coupons increased in residual strength.

- These models do not account for the mechanics of the failure

process which results in reduced notch acuity.
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" Empirical curve fits are of little value for any other laminate

without a suitable transfer function (9.2).

o Neither the concept of notch acuity and strain/life nor one of

stress intensity for a crack like defect can be used as transfer

function for composites which would permit the curve for one data

set to be adjusted accurately for another set of conditions

(9.2).
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